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1.0 INTRODUCTION
This study is based on the premise that improved understanding
of the relationship of man with his machine aids can improve his effec-
tiveness in the exploration of space. Because machines and scientific
equipment serve to extend man's perceptual and physical capabilities,
all space flight experiments eventually involve human participation.
To circumvent emotional arguments concerning manned versus unman-
ned systems, it is important that means for objectively evaluating the
integration of human capabilities into each mission be developed.
The determination of which mission tasks are best accomplished
by "directly manned," by "automatic systems," or by "remotely con-
trolled" systems involve complex interactions of physical laws with
economic and sociological factors. It is the intent of this report to
identify some of the factors involved and to provide a basis for further
advances in the objective utilization of "remotely controlled" systems
in conjunction with directly manned and automatic systems.
DEFINITIONS
Remotely controlled systems, as used in this study,
illustrated by the following definitions:
1.
can be
Directly manned systems - carry human crews.
2. Fully automatic machines - are programmed to gather
and transmit preselected information to man. They
cannot be reprogrammed.
3. Remotely controlled systems - can transmit information
to man over some distance and are capable of being con-
trolled and reprogrammed by man.
2.0 SUMMARY
This study presents the remotely controlled systems role
in the exploration of space and the various configurations that such
systems might take. An operations analysis on a representative
mission was performed, and a system requirements methodology
was developed.
2.1 STUDY OUTLINE
2.1.1 The role of remotely controlled systems in space explora-
tion was assessed noting the complexity of the systems and the
missions they were to perform.
2.1.2 To assess remotely controled systems in a specific
application, the Mars Exploration Mission was selected.
2.1.3 The objective selected for study was the detailed recon-
naissance of the Martian surface and its environment in support
of subsequent manned Mars landing missions.
2.1.4 Information requirements were determined to satisfy the
mission objectives. The general environmental parameters were
determined and related to the information requirements to fix the
location of sensors for data acquisition.
2.1.5 System approaches, automatic and remotely controlled,
were compared with respect to reliability, weight, and cost.
2.1.6 The location of man and the role he has in the loop was
compared.
2.1.7 A mission description was presented for a typical remotely
controlled system in a representative manned capture orbit profile.
2.1.8 A study of eccentric, circular, and synchronous Martian
orbits and multiple surface sites was made and the implications
Qf the various orbits compared.
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2.1.9 A systems requirements methodology was developed to
assess the role of man in the loop. The philosophy that was
followed considered man in the role of an information manager.
2.1.10 A man/machine loop analysis summary format was
developed as a means of defining system requirements. Examples
for the tasks of observation and locomotion are presented by
Tables 11, 12, and 13.
2.2 STUDY RESULTS
The results of this study indicate:
1. A growing requirement for advanced remotely con-
trolled systems in future space exploration as man pushes further
into the unknown.
2. Remotely controlled systems will increase in com-
plexity with time due to increasing information requirements. The
desirability of increasing the quantity and quality of information
obtained from future space missions results from long trip times,
400-600 days for early Mars missions, and the limited availability
of interplanetary launch windows.
3. The Mars mission is a timely candidate for a more
detailed study of remotely controlled systems applications.
4. To satisfy the mission objective of reconnoitering
the environment of Mars to define system requirements for sub-
sequent Mars manned landing systems, many parameters must be
measured quantitatively, which results in the following:
° The sensor module should be located on the surface
of Mars and be able to sense an area large enough to
encompass the initial landing and exploration zone to
obtain the required levels of information.
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° To achieve a high probability of successfully
performing the tasks necessary to obtain the
required information of a relatively unknown
environment, the system should possess the
capability of being reprogrammed and repaired
as unanticipated events occur.
° The degree of mission success is enhanced
for both the automatic and remotely controlled
systems by having man located in Mars' orbit
rather than on earth.
° Remotely controlled systems offer greater
probability of mission success than automatic
systems, regardless of the location of man in
the system.
° A major problem area in remotely controlled
systems is the time distance considerations in
command and control.
5. The methodology developed by this study to estab-
lish the requirements of man and machine provides a basis for
evaluation of candidate system concepts.
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3.0 TECHNICAL DISCUSSION
3.1 ROLES OF RMMS IN SPACE EXPLORATION
Remotely controlled systems have a:_ important place in
the spectrum of space exploration, Figure 1. The broad expanse
between a simple preprogrammed machine, such as a space probe
with one-way communication, and the manned system in contact
with the environment contains all sizes, types, and complexities
of remotely controlled systems. This study is primarily concerned
with the more complex systems of the future where man's sensory
and control capabilities are more fully extended.
The growth of remotely controlled systems in increasing
order of complexity is illustrated as follows:
1. Simple ON-OFF control
2. Mode selection for equipment
3. Repair by selection of redundant elements
4. Simple course correction (orientation and thrust)
5. Repetitive attitude and course correction (thrust
or aerodynamic forces)
6. Simple reprogramming of experimental procedure
7. Simple sample acquisition
8. Simple locomotion
9. Complex locomotion and complex manipulation
10. Simple adaptation to environmental hazards
11. Full extension of man's sensory and control
capability including repair
The status of complexity can be determined by examination
of the present role of remotely controlled systems.
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3.1.1 Present Role
At present, many programs are being funded to conduct
unmanned space exploration missions to determine the environment
to which man will be subjected in space. Many of the mission ex-
periments are of a purely scientific nature and supply data to
increase man's knowledge. Most of the spacecraft being utilized
now, and planned for the near future, are such that man plays an
important role in remotely conducting and monitoring the acquisi-
tion of data. Major areas of present effort include:
Meteorological Satellites -- Presently operational are a
series of Tiros earth satellites being utilized for weather research.
The satellite is remotely controlled in that stored data (meteorologi-
cal pictures) are transmitted to a ground station on command. In
addition, gross orientation of the Tiros is achieved by remotely
controlling the magnetic field in a field coil.
Scientific Satellites -- An example of scientific satellites
is the Orbiting Solar Observatory (OSO). This satellite obtains
data on such things as solar X-rays, solar flares, and ultraviolet
effects. The satellite is remotely controlled in that a selection of
sensors to be used at a particular time could be made from earth.
Communications Satellites -- The Telstar satellites are
prime examples of space-oriented communication relays that have
remotely controlled features. These are (1) simple on-off control,
(2) channel selection, (3) repair using circuit selection, and (4)
transmitting data on request.
Lunar Exploration -- Remotely controlled systems will be
used extensively to determine the lunar environment prior to a
7
manned landing. A primary example is the planned Surveyor Lunar
Lander. Guidance and control maneuvers will be controlled from
earth through final descent to the lunar surface. This includes
pitch, yaw, and roll, as well as mid-course corrections. The TV
cameras will be actuated from earth as well as the control of
focusing and scanning. The orientation of solar panels and antennae
will be controlled from earth as well as the actions of a mechanical
extendable arm.
Planetary Exploration -- The exploration of interplanetary
space and the planets themselves was furthered by the launching of
a Mariner space probe to the vicinity of Venus. The remotely
controlled features incorporated into Mariner are that the power
and TV cameras are turned on and off and mid-course corrections
and spacecraft orientation are controlled from earth.
3.1.2 Future Role
In the not too distant future, man will have established
himself in the space environment on an extended basis; viz, earth-
orbiting stations and manned lunar landings. The next logical steps
include those of lunar exploration and manned planetary landings.
Studies that have been, and are being, conducted in this area
(reference 3) indicate that considerable activity will be required in
the near-earth space environment to support these missions. Such
activities as assembly, propellant transfer, checkout, maintenance,
and repair of the mission vehicles will be required. Remotely
controlled systems may be used to implement these activities so
that man will not be exposed unduly to the hazards of the space
environment.
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Future planetary missions include the exploration of Mars
and Venus. The frequency of launches to the planets will be low
because planetary launch windows are far apart in time and early
mission duration is of the order of 400-600 days (reference 2).
The initial manned missions being considered include flybys and
captures with no attempt being made to land a man on the surface.
However, while in the vicinity of the planet, effort would be ex-
pended to determine the planetary environment for subsequent
manned landings. Since these missions Will be expensive and
infrequent, the most effective method of determining the environ-
ment will be used. Remotely controlled systems capable of being
reprogrammed by a human operator such that the quantity and
quality of data gathered can be significantly increased as opposed
to automatic systems will, therefore, provide man with a useful
tool for space exploration. The determination of this effectiveness
requires a selected mission for study.
3.1.3 Mission Selection
The determination of a specific role for a remotely con-
trolled system necessitates the choice of a mission. The choice
for this study is the Mars Exploration Mission. The selection
resulted from the consideration of _everal factors:
1. The future space missions are considered for this
study to take place in the 1970-1985 time period.
2. The Mars mission is sufficiently advanced in time
that specific concepts are not yet fixed.
3. The Mars mission will probably precede the Venus
missions.
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4. Mars has an environment more like that of earth and
has a higher probability of supporting life.
5. The Mars mission contains features representative
of all other missions.
Having selected a mission, we may now proceed with an
operations analysis.
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3.2 OPERATIONS ANALYSIS
3.2.1 Mission Obiective
Before performing a detailed analysis of the Mars
Exploration Mission, an objective for a remotely controlled
system was selected. The objective chosen was: "Conduct
detailed reconnaissance of the Martian surface and its environ-
ment in support of subsequent manned Mars landing missions."
Having selected a mission and objective, the next
item to be determined is the information requirements.
3.2.2 Information Requirements
3.2.2.1 General Environmental Parameters
A general analysis was conducted to establish major
categories or groups of items that, if known, would specify the
The categories established were:
Radiation
Fields
Forces
Matter
Physical Information
Each of these major groups were further broken down into
fairly specific parameters as summarized in Table 1.
3.2.2.2 Information Required
The information that must be determined prior to a
manned landing on Mars is that required for the design of the
systems necessary to land on Mars surface, rove about the
surface, launch from Mars, and provide a safe environment
for man throughout the mission. With the knowledge of the
environment of Mars.
O
O
o
o
O
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TABLE 1
GENERAL ENVIRONMENTAL PARAMETERS
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
Parameter Category
Gamma
Hard X-ray
Soft X-ray
Ultraviolet
Visible
Infrared
Radio
Electron (Free)
Particles (Free)
Electron
Neutrons
Protons and Mesons
Electrostatic
Magnetic
Gravitational
Subsurface
Acoustics
Atmospheric
Rare Earths
Inert Gases
Nonmetals
Heavy Metals
Light Metals
Hydrogen
Salts
Bases
Acids
Aromatics
Aliphatics
Microorganisms
Macroorganisms
Radiation
Fields
Forces
Matter
Surface Hardness
Surface Density
Surface Resistivity and Magnetivity
Topography Contour
Temperature
Physical
12
general environmental parameters identified in Section 3.2.2.1,
it was then possible to identify the information requirements in
terms of the design parameters. Table 2 presents the levels of
information required of the Martian surface and atmosphere for
the design of these systems. The key used to denote the various
information levels is:
0 Knowledge not required; no knowledge of the item
is required for the design of the system indicated.
1 Measure existence; the sensor must determine
only that the item is or is not part of the environ-
ment.
2 Measure qualitatively; if the item is part of the
environment, the degree that it is present must
be determined.
3 Measure quantitative ranges; this is required if
the upper and lower limits must be established for
the item as well as the average or mean value.
4 Measure specifics; the statistical distribution of
the item must be determined whether it be a function
of time or location.
The level of information required for the design of each system --
landing, launch, roving, or life support -- is indicated for each
atmospheric or surface parameter. The maximum level of
information required for each parameter is shown in the extreme
right-hand column which serves as a summary of the information
requirements for the support of subsequent manned missions to
the surface of Mars.
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TABLE 2 INFORMATION REQUIREMENTS
Information
Required of
Information
Category
Mars
Atmosphere
Matter
(C omposition)
Force
Physical
(Temperature 1
Physical
(Topography)
Mars
Surface
Physical
(Bearing and
Impact
Strength}
Force
Field
Physical
(Temperature)
Radiation
(Electro-
magnetic)
Radiation
(Cosmic)
Matter
(Living)
0 - Knowledge not required
1 - Measure existence
2 - Measure qualitatively
Design Parameter
Manned Systems
Landing Launch Roving Life
Support
'Moisture 1 2 2 2
Gases - Elements 3 3 3 3
Dust - Compounds 2 2 3 2
Living Organisms 0 0 0 3
Wind Velocity 4 4 4 3
Pressure versus
Altitude 4 4 4 3
Atmospheric
TemDerature 3
Surface Roughness 3
Boulder Size 3
Boulder Distribution 3
Slope Angles 3
Fissures and
Fractures 3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
2
3
3
Density 3
Hardness 3
Resistivity/
Magnetivity 3
Subsurface Forces 3
Acoustics 3
Gravity 3
Surface Temperature 3
3
0
0
0
0
0
0
0
3
3
3
3
3
,Gamma 0 3 3 3
Hard X-ray 0 3 3 3
LSoft X-ray 0 3 3 3
IUltraviolet 0 0 3 3
Visible 0 0 3 3
Infrared 0 0 3 3
Radio 0 0 3 3
Free Particles 0 0 3 3
Free Electrons 0 0 3 3
Information
Level
Required
2
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
3
Electrons and Slow-
charged Particles 0 0 2 3 3
Protons and Mesons 0 0 2 3 3
Neutrons 0 0 2 3 3
Micro Organisms 0 0 0
Macro Organisms 0 0 0
3 - Measure quantitativeranges
4 - Measure specifics
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The following is a brief discussion of why knowledge of
the various design parameters is required. The discussion is
limited, for each parameter, to the system that requires the
highest level of information.
Mars Atmosphere
Moisture -- The presence of large amounts of
mositure in the atmosphere would have a bearing on the design
of the launch, roving, and life support systems.
Gases -- The presence of highly corrosive or com-
bustible gases may dictate the use of certain types of materials,
power plants, etc.
Dust -- The quantity of dust in the atmosphere and
the size of the dust particles must be known for the design of
the roving vehicle and for potential limitations of vision. Con-
sideration must also be given to the electrostatic potential
difference and how this may cause dust to collect on the landing
vehicle.
Livin_ Organisms -- Potentially dangerous living
organisms present in the atmosphere must be considered in the
design of the life support system. In addition, protection must
be provided against possible contamination to a manned module
in orbit if samples are returned to it from Mars' surface.
Another consideration is the sterilization of the remote module
to prevent contamination of Mars by earth organisms.
Wind Velocity - Wind velocity must be known as a
function of time and location for the design of certain types of
potential landing, launching, and roving systems.
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Atmospheric Pressure -- The pressure versus
altitude relationship must be known as a function of time and
location for the design of the roving vehicle.
Atmospheric Temperature -- The extreme high and
low temperature must be known for the design of all systems.
Mars Surface
Topography Contour -- The size and frequency of
occurrence must be known for several locations for such para-
meters as surface roughness, boulder size and distribution,
slope angles, and fissures and fractures. This information is
needed for the selection of landing sites and for the design of the
landing system.
Bearing and Impact Strength -- The density, hard-
ness, and resistivity/magnetivity of the surface must be known
for several locations for the selection of landing sites and the
design of a landing system.
Subsurface Forces -- The frequency and magnitude
of "quakes" or tremors due to subsurface forces must be known
for the design and safety of all systems.
Acoustics -- Experimentation must be done to deter-
mine the potential harm that may be caused by acoustics during
the high noise level landing and launching operations.
Gravity -- The magnitude of the gravity of Mars
must be known for the design of all systems.
Surface Temperature -- The extreme high and low
surface temperatures must be known for the design of all systems.
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Radiation -- The levels of electromagnetic and cosmic
radiation at the surface of Mars must be known for the design of the
life support system and the communication system.
Living Organisms -- The extent to which life exists
on Mars must be known for the design of the life support system
and, as in the atmosphere, possible contamination must be con-
sidered.
Systems can be designed, without the above information,
to land man on the surface of Mars with a farily high probability of
mission success. With the tight restrictions imposed on such a
system by weight and cost, the above information is required to
anticipate and design for all potential hazards and to accomplish
trade-offs to achieve the highest possible probability of mission
success.
This section identifies the information that is required to
satisfy the mission objective. Methods of obtaining this informa-
tion and the most feasible sensor locations were then investigated.
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3.2.3 Sensor Location
3.2.3.1 Sources of Information
A study was made utilizing references 4-17 to determine
the levels of information attainable for each parameter shown in
Table 1, as a function of the distance of the sensor from the sur-
face of Mars. This information is presented in Table 3. Shown
at the bottom of the table is the key used to denote the level of
information obtainable. These levels are:
1 Can measure existence; if the sensor determines
only that the item is or is not part of the environment,
level 1 information is obtained.
2 Can measure qualitatively; if the answer is that the
item is part of the environment, level 2 information
is achieved if it is also determined to what order of
magnitude the item is present.
3 Can measure quantitative ranges; this is satisfied if
the upper and lower limits can be established for the
item as well as the average or mean value.
4 Can measure specifics; i__. order to achieve this level
of information, the statistical distribution of the item
must be determined whether it be a function of time
or location.
Located at the left end of the figures are various "Mission
Profiles" which indicate the location of the sensors with respect to
earth.
Two companion tables, 4 and 5, provide data relative to
Mars surface operation. If the desired level of information requires
18
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the sensors to be on the Martian surface, then Tables 4 and 5
provide the requirements for the distance on the surface to be
explored and the time required for the sensor to obtain the
indicated level of information.
3.2.3.2 Selection of Sensor Location
Table 2 presents the levels of information required to
design the systems necessary for subsequent manned landings on
Mars. In Table 3, only those levels of information shown below
the heavy line meet the requirements as defined by Table 2. The
information levels above the heavy line and in the shaded region
represent insufficient levels of information. It is then apparent
from Table 3 that only two mission profiles are able to achieve,
for all parameters, the levels of information necessary to meet
the requirements of the mission objective. These mission pro-
files are (1) Short-Term Mars Surface Exploration, and (2)
Long-Term Mars Surface Exploration. Both of these mission
profiles require that the sensor module be located on the surface
of Mars. It is thus concluded that to obtain the information that
is required to satisfy the mission objective, the sensor module
should be located on the surface of Mars.
Having determined that the sensor module should be on
the surface, then the companion tables, 4 and 5, are to be con-
sidered. As described before the information levels above, the
heavy line and the shaded region represent insufficient levels of
information. It is apparent from these tables that the sensor
mod, le should have a capability to rove and that the 30- to 50-day
mission duration should be sufficient to collect the information.
22
The considerations for sensor location set the stage for
examination of system approaches to determine how the mission
might be accomplished.
23
3.2.4 System Approaches
It has been shown that to accomplish the mission objective
of gathering required levels of information about the environment
of Mars, the sensor module should be located on the surface of
Mars and will probably be required to have a roving capability. Two
types of systems could be made available for the accomplishment
of this mission; (1) remotely controlled systems, and (2) automatic
systems. These systems are briefly described below.
3.2.4.1 Remotely Controlled Systems
A remote man/machine system is one that has a two-way
communication link, one for man to control and reprogram the
remote system and the other for transmitting information from
the remote system to man. The total system, demonstrated by
Figure 2, is grouped into four components: (1) man, (2) command
module, (3) remote module, and (4) sensor. These components
are basic regardless of mission profile. The distance between
the man and the sensor may be a foot or may extend across our
solar system, depending on the system role and mission profile.
Three different display-control loops are shown by Figure 2. The
shortest time loop is closed by man at the operator position; i.e.,
the interface between the operator and the remote machine requires
times of the order of seconds to transfer information for display
and control functions. The second time loop is closed by a techni-
cal group of men whose analyses may result in redirecting operator
control to achieve more significant results from the remote machine.
The redirection of operator control may be in terms of minutes,
hours, days, or months. The third time loop is given in terms
24
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of months or years and represents the control exerted by a
technical group that redefines or reshapes the remote environ-
ment.
Only loop one, which consists of the command module,
the remote module, and the remote environment, is considered
in this study (see shaded portion of Figure 3). This portion of
the RMMS was selected because it includes the major man-
machine relationships which are common to all three loops.
The command module is defined as the operator's, or
man's, enclosure, whether it be earthbound, spaceborne, in
orbit, or planetbound.
The associated interfaces of primary concern are the
man/machine interface and the command module/communications
interface. The man/machine interface consists primarily of the
displays and operator controls necessary for, and compatible
with, the efficient extension of man's sensory and physical
capabilities. The command module/communications (telemetry)
interface, in this context, consists of the receivers and trans-
mitters necessary to provide man with those data required in the
performance of his task and to provide a means of transmitting
his response outputs back to the remote module.
The remote module is defined as that container or system
required to house and manipulate the sensing and functional de-
vices. The remote module/communications interface primarily
concerns the receipt of the operator's outputs and the transmission
of the data required by man in meeting his objective. The remote
module/sensor interface consists of those elements necessary to
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provide control and/or manipulation functions for the various
sensory systems. The remote module/remote environment inter-
face establishes the configuration and material requirements for
the design of the remote module and external appendages.
The above model description is valid for any remotely
controlled system. The various interface requirements will vary
as a function of mission objective and distance between the man's
brain and source of information of interest.
3.2.4.2 Automatic System
An automatic system is defined to be one that is prepro-
grammed by man, with a one-way communication link for trans-
mitting preselected information to man and with no facility for
being reprogrammed. Automatic systems replace man and the
command communication link found in remotely controlled systems
with a command program designed by man prior to the start of
the mission.
Two types of automatic systems are considered here.
The first, and least complex of the two types, is one where the
command programdirects the automatic module through a pre-
determined mode of action regardless of the situation at the time
of action. The second type is a highly complex system that has
the capability to ascertain some information relative to its
immediate situation and to select the predetermined mode of
action, of several that are available, that is most suitable to
the particular situation.
The first type of automatic system consists of five inter-
faces of interest. The command program/automatic module
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interface consists primarily of a computer to provide the proper
sequencing of power to the functional elements of the automatic
module. The automatic module/sensor interface consists of those
elements necessary to control or manipulate the various sensory
systems. The automatic module/remote environment interface
establishes the configuration and material requirements for the
design of the automatic module and external appendages. The
automatic module/communications interface is concerned only
with the transmission of data to man. The communication/dis-
play interface consists of those elements necessary to receive
and display to man the information obtained by the automatic
module.
The sec ond type of automatic system consists of the
interfaces described above plus a remote environment/command
program interface. This interface consists of the equipment
necessary to detect the immediate surroundings of the automatic
module and to select one of the modes of action available to the
system.
The complexity of the various interfaces is a function of
mission objective; or, the complexity of the tasks to be performed
by the automatic system, the amount of information that must be
obtained, and the distance over which the information must be
obtained, and the distance over which the information must be
transmitted from the automatic module to man's display equip-
ment.
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3.2.5 Location of Man in the System
It has been shown that the sensor module must be located
on the surface of Mars to be able to successfully accomplish the
mission objective. The location of man relative to the sensor
module must next be considered. Man may be located on earth,
in earth orbit, in Mars flyby, or in Mars capture orbit. The two
locations considered here are man on earth and man in Mars
capture orbit. Automatic and remotely controlled systems may be
postulated that could feasibly accomplish the mission objective
with man located on earth if time were not important. A manned
capsule in Mars orbit can greatly increase the acquisition of in-
formation per unit time and also increase the probability of mission
success as well as to decrease the weight and complexity of their
respective sensor modules. The factors that are most affected by
the choice of man's location in the system are discussed below
for remotely controlled and automatic systems.
3.2.5.1 Remotely Controlled Systems
The factors most affected by the location of man relative
to the sensor module in a remotely controlled system are time and
distance considerations and system complexity.
3.2.5.1.1 Time and Distance Considerations
The factors of time and distance enter the remote
man-machine system design in two principal areas:
1. Command and Feedback Delay
2. Communication Distance
Each of these considerations has a major effect on the choice of
location of the command module relative to the sensor module.
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Comand and Feedback Delay
The choice of man's location relative to the controlled
machine is influenced heavily by the effects of the time delay in
the control loop due to physical separation distance and the finite
velocity with which commands and feedback can be transmitted.
The major consequences of significant delay times are:
1. Increased task performance time
2. Modified task performance techniques and/or
increased equipment complexity.
The extension of a simple remote man-machine com-
bination to Earth-Mars distances, for example, results in several
hundred-fold increase in task performance time and required the
operator to adopt an entirely different operating technique.
When the operator is separated from the controlled
machine by a small distance, the time delays involved are small
compared with his perception and reflex times. In this case, the
man and machine operate in a familiar, continuous closed-loop
fashion comparable to the task of driving an automobile or operating
a lathe. When the distance involved incurs a delay of seconds or
minutes, however, the man must adopt a radically different strategy.
In an Earth-Mars remote control situation, there is a minimum
delay of about six minutes between the time the man acts and the
time he witnesses the consequence of his act. He is, therefore,
forced to adopt a strategy of estimating the action required, acting
"open loop, " and then waiting to see the consequences of his act.
The sequence is then repeated to correct his estimates until the
requuired degree of accuracy is achieved and is identified as the
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"iterated loop." This mode of adaptation is intuitive and has been
demonstrated for simple manipulative tasks with delays as short
as one second. The increase in task performance time with in-
creasing time delays results in increased mission duration, and
means greater system power requirements and a degradation of
system reliability due to time.
Command-feedback loops with delays of the same
order of magnitude as a man's perception and reaction times (e.g.,
0.1 to 1.0 seconds) tend to produce instability in the man-machine
loop. The man is caught between the time delay region in which he
can function stably on a continuous, closed-loop basis and the region
where he must adopt the iterative approach. While the problem of
operation in this time-delay region can be mitigated by the use of
anticipative displays that synthesize immediate feedback, the con-
sequence of increased equipment complexity must be considered.
The effect of distance on task accomplishment time
and operator adaptation is illustrated by Figure 4. The normalized
task accomplishment time (i.e., the ratio of time required at a
given distance to the time required without delay due to distance) is
plotted as a function of distance between the man and the controlled
machine. The curve is computed from the theory and data generated
by Sheridan, reference 18, in a study of the "Functional Extension
of the Human Hands." The time or distance regions for stable,
closed-loop operation and for stable, iterated-loop operation are
identified with a range described as "critical" in between. The upper
limit of the "critical" region is not actually well defined since it is
a function of the particular type of task performed; further work is
required to develop meaningful interpretations.
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Some system design implications can be drawn from
Figure 4. The time delay due to distance does not create a problem
in the remote man-machine loop for distances less than 4,000 or
5,000 nautical miles. Distances of approximately 5,000 to 50, 000
nautical miles are critical. Many tasks, such as simple manipula-
tion, can still be accomplished in a normal fashion from this dis-
tance by the incorporation of synthetic feedback techniques, but the
system is quite sensitive to the distance parameter and will lack
flexibility. A slight increase in operating distance could render
some of the control loops unstable, while a small reduction in dis-
tance could obviate the requirement for complex synthetic feedback
and display equipment.
At distances in the order of hundreds of thousands of
nautical miles, the increase in time required to perform a given
task is significant; and it becomes profitable, with regard to task
time, to endow the controlled machine with a degree of autonomy.
The equipment complexity required to give a machine this capability
is a function of the task to be performed and would approach that
required of an automatic system. If the machine is deisgned to
utilize some of its sensor data in the process of carrying out com-
mands, the commands can be more general and less frequent,
thereby reducing the task performance time penalty associated with
the large man-machine distance. As for example, a machine cap-
abile of effective operation for six-minute periods between commands
would suffer only a 2:1 task time penalty rather than the 1000:1
penalty indicated by Figure 4 at the Earth-Mars opposition distances.
The two-to-one penalty results from the sequential dependence of
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command and feedback; i.e., the machine must wait until the
result of the last command has been communicated before pro-
ceeding with the over-all task. Hence, the normalized task time,
or penalty, when the machine is endowed with autonomy is given
by:
Td + Ta
Ta
where Td is the loop delay time which is approximately six minutes
for this example, and T.._.a is the time of effective operation between
commands.
The penalties imposed on the remotely controlled
system by having the command module located on earth are: (1)
extremely long mission durations resulting in greater sensor
module power requirements and reduced system reliability, or
(2) endowing the controlled machine with a degree of autonomy
resulting in increased sensor module complexity approaching that
required of automatic systems.
With man located in Mars capture orbit, the above
penalties are minimized. The command-feedback delay would
approach the stable, closed-loop situation and depending upon
the orbit (see Appendix B), man could control the remote machine
a large portion of the time.
Communication Distance
The principal effect of distance on the communication
link is the increase in transmitter power required with an increase
in distance. The required power for the command and feedback
loops is proportional to the information rate (bandwidth) and the
square of the distance.
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The weight or size of a transmitter is roughly pro-
portional to the power output. Normalized transmitter size (i.e.,
the ratio of required transmitter size at a given distance to trans-
mitter size at a referenced distance) is shown as a function of
distance by Figure 5. The dashed curve shows the relative trans-
mitter size required as a function of distance for a constant infor-
mation rate. The solid curve shows the relative transmitter size
when the reduced information rate resulting from the increased
task performance times of Figure 4 are taken into account. When
a given remote man-machine system is extended to large distances,
the task performance time is increased due to the increased time
delay. The total information that must be communicated around
the loop remains constant. Hence, the information rate diminishes
in inverse proportion to the task performance time.
The task performance time may be reduced by incor-
porating a degree of autonomy in the remote machine as previously
discussed. The information rate in the command-feedback loop,
however, is not increased in this case. Rather, the information
rate in the data link from the remote machine is increased as a
consequence of speeding up the data-gathering function of the
remote machine. Hence, in this system the information rate and,
therefore, transmitter size will be several orders of magnitude
greater for the link from machine to man than for the link from
man to machine, with the exact ratio being dependent upon the
nature of the task to be performed.
The transmission from Mars to earth of pictorial
data such as conventional television, at a frame rate of 30 frames
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per second, would require a tremendous amount of power at the
sensor module as illustrated in Table 6. It is possible, however,
to drastically reduce the power requirement by reducing the rate
at which frames are transmitted. Pictorial data may be transmitted
from Mars to earth with a frame rate of less than one frame per
minute, which would reduce the power requirements to a reasonable
amount. This would require that a permanent record be made of
each frame at the receiving station. This technique would result
in extremely long data transmission and, therefore, task perform-
ance and mission duration times.
The data needed from the sensor module on Mars by
the man on earth to control the remote machine require a trade-off
between either a tremendous amount of power at the remote module,
or less power and resulting slower data rate and longer task time.
With man in Mars capture orbit, the sensor module power require-
ments are reduced by several orders of magnitude, resulting in a
lighter weight, less complex, and, therefore, a more reliable
sensor module
3.2.5.2 Automatic Systems
The location of man relative to the sensor module in an
automatic system affects the amount of information available at
the time of programming the automatic sensor module and the
communication distance.
With man located on earth, the automatic sensor module
must be programmed prior to launch from earth, with only the
knowledge about the environment of Mars available at that time
usable as inputs. With man located in Mars orbit, information
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TABLE 6
Transmitter power required to send pictorial data from Mars
to Earth.
Frame Rate Power
1 per 30 min.
1 per min.
1 per sec.
*30 per sec.
19.5 dbw = 89 watts
34.2 dbw = 2.63 kilowatts
52.0 dbw = 159 kilowatts
66.8 dbw = 4.79 megawatts
*Conventional television signals require a frame rate of 30
frames per second.
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gained via orbital reconnaissance may be input into the automatic
sensor module program just prior to ejecting the sensor module
from Mars orbit to the surface of Mars.
The problems of transmitting information from the auto-
matic sensor module located on Mars surface to man located on
earth are the same as those discussed previously for the remotely
controlled system. The power requirements and sensor module
complexity are greater for the system with man on earth than for
the system with man in Mars orbit.
Other advantages of having man in Mars orbit with the
automatic system are the assistance man can give while the
system is enroute to Mars and in helping to get the system into
the correct Mars capture orbit. To apply mid-course corrections
automatically require stellar navigation equipment and computers.
For the system to get into the proper Mars capture orbit auto-
matically would require a radio altimeter. Man can monitor the
mission and apply the necessary inputs to perform these functions
with the help of computers and tracking systems located on earth.
Man in Mars orbit can also select sensor module location sites
prior to launching the automatic system to the surface which
greatly improves the probability of mission success.
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3.2.6 System Comparisons
This study has not progressed through the system
requirements and system concepts phases which provide the
basis for true system comparisons. It is the intent of this
section to advance some qualitative comparisons to indicate
the capabilities and limitations of automatic and remotely
controlled systems in the performance of the chosen mission
objective. This comparison is made with man on earth and
with man in Mars orbit.
It is appropriate to first present the criteria for the
measurement of system effectiveness.
3.2.6.1 Measures of Effectiveness
The factors used to det ermine the relative effective-
ness of systems to accomplish a mission are (I) probability of
mission success (Ps) and (2) system cost. As shown in Section
3.2.3.2, to accomplish the mission objective, the sensor module
must be located on the surface of Mars. Therefore, the mission
may be described as being made up of three major phases which
are (1) placing the sensor module on the surface of Mars, (2)
gathering the required inforn_tion, and (3) transmitting the
information back to earth. The probability of mission success
may be expressed as:
PS = PAM x P GD x PTD
where:
PAM = probability of sensor module successfully
arriving on Mars surface
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PGD
PTD
= probability of sensor module successfully
gathering required data
= probability data are successfully transmitted
to earth
The factor PAM is dependent upon the probability of the
successful occurrence of the following events: launch and flight
from earth to earth orbit; rendezvous, orbital launch, and flight
from earth orbit to Mars orbit; getting into the proper Mars
capture orbit; and the ejection of the sensor module from Mars
orbit to the surface of Mars. The factor PGD depends on the
successful collection and testing of samples, the detection and
measurement of parameters, and the survey of the general
locale. As shown in Section 3.2.3.2, PGD also depends on the
successful roving of the sensor module about the surface of
Mars in search of information. The reliability of the compo-
nents and subsystems required by each system to accomplish
the above events and tasks combine to give the probability of
mission success for the particular system. System reliability
may be increased by the addition of redundant components and
subsystems to the system. Redundancy tends to increase
system complexity and weight.
System cost is a function of the system complexity and
weight. As system complexity and weight increases, the pro-
duction cost increases; but much more significant is the increase
in cost to launch the system from earth. Using currently accepted
performance data, each pound of payload placed on the surface of
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Mars requires approximately twelve pounds to be launched from
earth orbit and about 900 pounds to be launched from earth.
Another cost factor to be considered when evaluating
the expected cost of the mission is the cost to the space program
should the mission fail. This cost is difficult to estimate be-
cause it is made up of several factors, the size of which depends
on the degree of failure. Total mission failure, or one where
very little information is received, would require that the mission
be performed a second time after the necessary corrections to
the system are made. If the mission is mostly successful, but
fails to obtain the required information regarding one or several
parameters, the spacecraft in which man is to land on Mars must
be modified to provide protection against the unknown parameters,
thus increasing the weight, complexity, and cost of the manned
landing module. The most nebulous, and possibly the largest,
cost due to failure is that caused by delaying the over-all space
program, or those programs dependent upon the successful
completion of this mission.
3.2.6.2 Automatic Versus Remotely Controlled
The issue here is not whether man is located on earth
or in Mars capture orbit, but which type of system -- automatic
or remotely controlled -- offers the greatest potential with
respect to mission success for a given location of man in the
system.
The different methods used by automatic and remotely
controlled systems to accomplish the major events that make
up the mission are identified in Tables 7 and 8, for man located
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Event
Basic to All Events
Command System
Data Link
SYSTEM
TABLE 7
COMPARISON/MAN ON
Completely Automatic
+
Requires highly complex com-
puter system - adds weight,
complexity, and cost
One-way communication system
required
Repair - Selection of
redundant elements
Getting to Mars
Earth to Earth Orbit
Earth Orbit to Mars
Orbit
Mid-course
correction
Enter correct
Mars orbit
Mars Orbit to
Mars Surface
Orbital
reconnaissance
Select landing
sites
Requires computer routine to
test and select elements - adds
complexity and cost
Both systems require similar
equipment
- Redundant stellar navigation
system required - adds weight,
complexity, and cost
- Redundant radio altimeter re-
quired - adds weight, com-
plexity, and cost
- Camera orientation system
required - adds complexity,
weight, and cost
- Sites selected prior to leaving
earth
Gather Data
Collect and test
samples, detect and
measure other
parameters, and
survey locale
An automatic system program-
med to accomplish these func-
tions in an unknown environment
is restricted by the limited in-
formation available when pro-
grammed and is vulnerable to
unexpected hazards
Rove about surface
Transmit Data
Requires additional sensors and
a computer to help m,_iule avoid
potential hazards - adds weight,
complexity, and cost
Both systems require similar
equipment
EARTH
Remotely Controlled
+ Input from man on earth -
highly reliable
- Two-way communication
required - adds weight,
complexity, and cost
+ Elements tested and "
selected via remote
control - high reliability
Same as automatic
+ Input from earth tracking
and computers - high
reliability
+ Input from earth - high
reliability
+ Camera orientation re-
motely controlled - high
reliability
+ Information from orbital
reconnaissance available
for site selection
+ Select area for sampling
+ Alternate tools and sub-
systems may be substituted
for defects with man supply-
ing the techniques - adds
reliability
- With man on earth, task
times are extremely long
+ Safely guided via remote
control - high reliability
but extremely long task
times required with man
on earth
Same as automatic
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SYSTEM
Event
Getting to Mars
Basic to Data
Gathering and Trans-
mission Events
Command System
Data Link
Repair - Selection
of redundant
elements
Gather Data
Collect and test
samples, detect
and measure other
parameters, and
survey locale
Rove about surface
Transmit Data
TABLE 8
COMPARISON/MAN IN MARS ORBIT
Completely Automatic Remotely Controlled
This phase of the mis-
sion would be similar
for both systems with
man along
Same as automatic, ex-
cept:
+ Remotely assist sensor
module landing on Mars
surface
Requires highly com-
plex computer system
- adds weight, com-
plexity, and cost
+ One-way communica-
tion system required
- Requires computer
routine to test and
select elements -
adds complexity
+ Input from man in Mars
orbit - highly reliable
÷
Two-way communica-
tion system required -
adds weight, complexity,
and cost
Elements tested and
selected via remote con-
trol - high reliability
An automatic system
programmed to ac-
complish these func-
tions in an unknown
environment is re-
stricted by the limited
information available
when programmed
and is vulnerable to
unexpected hazards
Requires additional
sensors and a com-
puter to help module
avoid potential hazards
- adds weight, com-
plexity, and cost
Both systems require
similar equipment
+ Select areas for sampling
+ Alternate tools and sub-
systems may be substi-
tuted for defects with
man supplying the techni-
ques - adds reliability
+ Safely guided via remote
control - high reliability
S_me as automatic
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on earth or in Mars orbit, respectively. A plus (+) sign denotes
a system capability, whereas a minus (-) sign denotes a system
limitation.
The tables indicate that with man located on earth or in
Mars orbit, the remotely controlled systems appear to be more
reliable and require less complexity, weight, and cost than the
respective automatic systems.
A representative mission profile may now be described
by which a remotely controlled system, incorporating the required
roving surface operation (Section 3.2.3.2) and man located in
Mars orbit (Section 3.2.5), would accomplish the mission
objective.
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3.2.7 Mission Description
The preceding discussion presents the factors for
consideration in the selection of a mission profile. A review of
the planned Mars manned missions indicates a flyby, a capture,
and a landing as being scheduled during the 1970's and 1980's.
The manned Mars capture mission is compatible with
the RMMS mission and objective selected for this study. A re-
presentative mission description is presented and includes typical
remotely controlled systems.
Phase I -- Earth Launch -- A concept presented in
reference 3 involves the use of orbital launch operations; i.e.,
the interplanetary vehicle is constructed from several individu-
ally launched modules which are assembled in earth orbit. Phase I
is considered to cover the launching of these several modules into
an earth parking orbit.
Phase 1I -- Earth Orbit -- The individual modules that
make up the interplanetary vehicle remain in the parking orbit
until such time as they are properly aligned with the orbital launch
facility. At this time, the execution of a Hohmann transfer trajec-
tory is initiated and the modules ascend to and rendezvous with
the orbital launch facility. In addition to the orbital launch facility,
the referenced document identifies the requirement for an orbital
support assembly vehicle and a remote maneuvering unit. In this
phase, remotely controlled syatems play an important part; as
shown by Figure 6, for example, the remote maneuvering unit is
shown to be particularly important in hazardous operations involving
nuclear engines. The assembly and fueling is accomplished utilizing
47
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the orbital support assembly vehicle and remote maneuvering unit.
The orbital support assembly vehicle also performs the task of crew
transfer from the orbital launch facility. After system checkout,
the spacecraft is injected into a cisplanetary trajectory from an
elliptical orbit.
Phase III -- Cisplanetary Outbound -- The cisplanetary
outbound portion of the mission may consist of one spacecraft or
a convoy of two or three. The other convoy vehicles would be
robots, controlled remotely from the manned spacecraft. For
maintenance and repair enroute, both the remote maneuvering unit
(Figure 7) and an astronaut maneuvering unit may be employed.
One of the major events in this phase would be course correction.
Phase IV -- Planetary Orbital -- The initial planetary
capture retrothrust maneuvers provide an elliptical orbit which
may subsequently be converted into a circular orbit. The orbit
about Mars which is depicted by Figure 8 is based on data obtained
from reference 2. This document points out that a savings in fuel
of 25% is attainable for an elliptical orbit versus a circular orbit.
The ellipticity for such a savings is represented by
r a
n=rp=4
where r._a is the radius of apogee and rp is the radius of perigee.
Since energy conservation is a big factor for the time
period being considered, the elliptical orbit was viewed as the
most likely orbit that would be used during the Mars capture
mission.
It must be pointed out that in both a circular and elliptical
orbit, the perturbations bi'ought about by the moons, Phobos and
Deimos, may have implications on stationkeeping. Figure 8
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Qportrays a probable orbit meeting the n = 4 criteria stated in
reference 2. Perigee in this case represents 600 nautical miles
above the surface of Mars.
Consideration of the effect that such a profile might have
on the remote man/machine control system prompted the Mars
orbital analysis found as Appendix B. The implications of this
parametric study of orbital profiles are discussed in Section 3.3.1.
Figure 9 represents an over-an concept for an orbiting
command spacecraft and a surface roving remotely controlled
system. Considering that the maximum information is to be de-
rived from this mission, the figure portrays the command space-
craft as performing the functions of a mapper of the surface of
Mars; observing through a telescope the moons, Phobos and
Deimos; launching probes to Phobos and Deimos to gather pre-
liminary information about their environment; sending out a remote
maneuvering unit for possible retrieval of small sample capsules
returned from the Mars surface operations; and launching and
operating the remotely controlled surface vehicle.
Phase V -- Planetary Surface -- A remotely controlled
system will be deployed to the surface from orbit to perform the
required tasks. At the appropriate time, data and surface samples
will be returned to the orbiting spacecraft.
The surface operation represents the greatest source of
environmental data about the planet. To maximize this data collec-
tion, a roving vehicle is assumed. An area for surface operation
was selected as an example, Figure 10. This particular area is
between the Margaritifer Sinus and the Meridiani Sinus at the
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equator of Mars and is one of the most likely selected sites for
future manned landing. Some typical roving vehicle tracks are
presented ranging in distance from 630 to 1050 miles.
The time on station for this operat ion is assumed as 30-
50 days. This period is in agreement with the stated period in
references 1 and 2. During this period, the roving vehicle shall
conduct the task of determining the meteorological, biological,
and planetological conditions.
Phase VI -- Cisplanetary Return -- When the proper launch
window occurs, the earth-return maneuvers are initiated.
Phase VII -- Earth Capture and Re-entry -- Deceleration
is performed by a combination of retrothrusts and by executing
successive passes through the earth's atmosphere to achieve a
circular orbit. Following rendezvous in orbit, the crew transfers
to a specialized landing module. The earth landing module re-
enters and maneuvers to a landing area.
The preceding typical mission description has provided
the point of departure necessary for determining the system
requirements and identifying the role of man and machine.
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3.3 SYSTEM REQUIREMENTS METHODOLOGY
The methodology presented in this section has been
developed so that the requirements for man and machine may
be delineated. The role of man in the loop is one of information
management. This philosophy is carefully considered in the
development of the methodology.
The flow diagram, Figure 11, illustrates the major
steps in the determination of total system requirements.
3.3.1 Environmental Sampling Schedule
Appendix B reports, parametrically, the implications
of three types of orbits -- eccentric, circular, and synchronous --
upon communication line of sight and total daily illumination of
the remote surface module. These factors define the total
available time each day that a man in the command module will
have control of a given remote module on the Martian surface.
Proper scheduling of environmental sampling is required for
optimum utilization of the time that man has control of the
remote module. Illustrative summary charts for scheduling
environmental sampling are shown as Figures 12, 13, and 14.
Note that the eccentric orbit limits the daily operational
time to about 12 hours; the circular orbit limits man to less than
seven hours of operational time, which is distributed over nine
periods of 40-45 minutes each; the synchronous orbit provides
continuous contact. However, because the latter moves over
the same surface area, it is limited in its range of reconnais-
sance and, hence, would be poor for the command modules alter-
nate role of topographical survey of the entire planet.
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The operational times of both the eccentric and circular
orbits could be extended by the availability of an additional remote
vehicle on the opposite side of Mars, or by two additional remote
vehicles approximately equally spaced. By sampling widely sepa-
rated "continents," intelligence may be provided on different kinds
of terrain and different periods of the day.
3.3.1.1 Orbital Profile Implications
3.3.1.1.1 Eccentric
Certain environmental parameters are said to be
time-varying; e.g., one might expect considerably different data
if they were collected at night rather than day. Examples are
temperature, wind velocity, atmospheric factors, radiation, and
biological. Conversely, terrain features or planetological data
vary little with time.
Note in Figure 12 that sampling from an eccentric
orbit with a period of one-half Martian day may not provide mini-
mum temperature data and perhaps not maximum temperature
data. Time sampling from predawn to early afternoon would not
be suitable for many time-varying parameters. An eccentric
orbit with one-third, one-fourth, or one-sixth Martian day would
provide better sampling, but would tend to consistently miss
certain periods each day.
Note also that the variable slant range introduces a
variable time lag of up to approximately . 12 second, which may
present a tracking problem unless corrected by synthetic devices.
3.3.1.1.2 Circular
The daily circular orbit permits only periodic sampling
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throughout the Martian day. Like the eccentric orbit, it consistently
omits certain intermediate time periods. However, with spot checks
at two-hour intervals, the probability of missing important con-
tinuous data is minimized.
The short sampling periods may present a sampling
problem of another variety. Continuous contact of less than an hour
may be poorly adapted to certain sampling operations which require
considerable set-up and testing time. Also, reconnaissance mis-
sions, which provide no assurance as to exactly when an object of
interest will be noted, are poorly adapted to a 45-minute mission.
This is especially true if macroorganisms or microorganisms
should be detected, but would likely be lost during the two-hour
interval of loss of contact. The possibility of loss of contact
occurring when the remote module is in undesirable terrain pre-
sents a planning problem. The potential weight penalty should be
considered for providing the remote module with multiple starting
and stopping capability.
The circular orbit is best suited to mapping the Martian
terrain from the command module due to its low altitude and en-
circlement of the planet. Because a single remote vehicle provides
less than seven hours daily contact, the feasibility of additional
remote vehicles should be considered.
3.3.1.1.3 Synchronous
The synchronous orbit may also be circular, but is
distinct in moving over the same surface terrain. This is advan-
tageous for control of a single remote vehicle, but poorly adapted
to controlling two or more vehicles at great distances. As indicated
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earlier, it is unsuited for mapping the topography of the entire
planet.
The circular synchronous orbit avoids the problem
of variable time delays and permits continuous closed-loop control
during night and day since the time delay is only about . 1 second.
However, the elliptical, synchronous orbits introduce a variable
time lag of up to . 18 seconds, which is within the lower
limit of the critical region (reference Section 3.2.5.1.1).
The advantage of continuous line--of--sight communi-
cations is that it permits more time for task accomplishment,
thereby allowing more tasks to be pursued, or tasks of particular
interest to be pursuied for indefinite periods of time. Also
possible is the staggering of work to relieve the operator work-
load.
The gross considerations of what is to be done and
when must be followed by the allocation of functions to either man
or equipment.
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3.3.2 Allocations of Functions to Man and Equipment
The previous section discussed a method for scheduling
of mission work items which is designed to effectively utilize the
man but not overburden him.
Another factor for maximizing system effectiveness is
to determine which system functions could best be taken away
from the operator's control without sacrificing system perform-
ance and to assign these functions to equipment. The operator
may continue to operate in a redundant or back-up role upon
warning, and he is free to monitor the function periodically but
does not require the continuous scan responsibilities of a pri-
marily manned function.
The "search" or "no-search" requirement also provides
an important basis for function allocation. Man is uniquely
superior to equipment in his ability to detect minute stimuli, to
interpret them correctly through perceptual constancy, and to
make a decision on course of action. A requirement for search
is one of the strongest indications of a manned function. An
analysis of the various environmental parameters in terms of
whether they are heterogeneous or present in only a relatively
few positions is important. It follows that if a parameter is
ever-present, little or no search is required to find it; whereas
if it is sparsely distributed throughout an area, considerable
search may be required.
Life detection is the most obvious illustration of a
search function. Other illustrations are looking for suitable
terrain for a manned landing, in terms of surface impact
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strength, and looking for a safe path for a manned roving vehicle,
in terms of bearing strength or relative absence of topological
obstacles -- boulders, steep slopes, fissures, general surface
roughness, etc.
3.3.2.1 No-Search Functions
If an environmental parameter is homogeneous, the
sensor merely needs to be deployed, or perhaps be rotated, for
the environmental stimuli to begin to impinge upon it. A decision
must be made as to whether or not the parameter should be sensed
continuously or only periodically by the sensor. This depends
essentially upon whether the parameter is likely to change quickly
or slowly with the passage of time.
In general, environmental data that do not require search,
and are not essential to the safety and effectiveness of the trans-
lating vehicle itself, are continuously sampled and may be moni-
tored only periodically by the operator. The data may be stored
in a computer on the command module for analysis at leisure, or
they may be transmitted directly without human meditation,
depending upon the complexity of analysis. Data that do require
periodic sampling may employ human initiation or may be initiated
automatically. Another consideration is an evaluation of whether
the data need to be displayed to the operator in order for him to
manage the translating and navigating functions of the vehicle; for
example, topological contour immediately forward of the vehicle
in its direction of movement requires display. The general
characteristics of topology elsewhere may or may not be mediated
by the operator, depending upon whether or not he can contribute
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to acquisition of the continuously accrued, homogeneous data.
This decision depends upon the variety in the terrain.
3.3.2.2 Search Function
Each of the work items requiring continuous search will
likely be culminated by a series of distinct steps which must be
accomplished. It is these steps, or subfunctions, which are the
subject of subsequent allocation and man-machine loop analysis,
for these effectively define the information and output requirement
for the system. The specifics of the steps are unique to the item
being measured and will require a considerable survey of current
and projected techniques for sampling the parameter.
In general, the steps involved are: scan and discover,
inspect via zoom lens, translate to the vicinity of the object,
inspect with narrow-view lens, initiate sample collection (which
may involve remote manipulator arms especially adapted to
sampling requirements), sampling recovery, analysis, and data
transmission. Post-sampling steps would include stowage of the
sample collection equipment and return to an initial position.
The merits of real-time analysis of samples versus
deferred analysis of samples are an area which requires further
consideration. One of the surface mission objectives is to collect
as much data as is feasible within the constraints of available
time. One method of expediting the process might be to transmit
the defining characteristics or symptons of the object sampled,
rather than analyzing the data on locale and transmitting decisions.
However, a factor against deferring analysis and decision-making
would be the possibility that the reported data were later determined
66
to be ambiguous or insufficient and a requirement for interrogation
for more information became evident. This would imply that the
vehicle should stay at the scene until something meaningful was
established.
3.3.2.3 Function Analysis
Function analysis is the process of examining various
human capabilities and machine capabilities and determining which
is best suited for accomplishment of the function under considera-
tion. The following presents an abbreviated list of areas wherein
one or the other capability should be employed. A plus (+) before
the statement represents a capability, and a minus (-) represents
a limitation.
RELATIVE CAPABILITIES OF MAN AND MACHINE
÷
÷
÷
÷
MAN M AC HIN E
DATA SENSING
Can monitor low-prob-
ability events which occur
in great number.
Can detect and report
information incidental to
the primary activity.
Can detect masked signals
effectively in an over-
lapping noise spectrum.
Absolute threshold of
sensitivity in various
sense modalities is very
low (judging distance,
velocity, acceleration
values).
÷
When there are a large number
of possibilities and for each
event a number of alternatives,
the program complexity be-
comes too great to handle the
events adequately.
Discovery and selection of
incidental information not
feasible in present design.
May not be useful when noise
spectra overlap signal detec-
tion.
Generally not as low absolute
thresholds as the human's
thresholds.
Not subject to jamming
by ordinary methods.
Subject to disruption by noise
sources and other counter-
measures.
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MAN MACHINE
+
÷
-b
+
DATA PROCESSING
Able to recognize and use
the information (redun-
dancy patterns) of the real
world to simplify complex
situations. Perceptual
constancy permits re-
cognizing the same object
from a variety of vantage
points and against a
variety of backgrounds.
m Little or no perceptual constancy;
great difficulty in recognizing
similar patterns in either spatial
or time domain.
Can make inductive de-
cisions in situations not
previously encountered;
can generalize from a
few data.
No capacity for creative or
inductive functions.
Computation is weak and
relatively inaccurate.
Optimal theory of games
strategy cannot be routinely
expected.
÷ Can be programmed to use optimum
strategy for high probability
situations.
Channel capacity limited
to relatively small infor-
mation transduction rates.
÷ Channel capacity can be made as
necessary for the task.
Short-term memory is
rather poor.
Short-term memory and access
time is excellent.
Fair reliability in accom- +
plishing a given purpose
by different approaches;
i,e., can be reprogrammed.
Can handle a variety of
transient overloads, and
some permanent overloads,
only with temporary
disruption.
May have high reliability at in-
creased cost and complexity.
Especially reliable for routine
repetitive functions.
Transient and permanent overloads
may lead to disruption of the
system.
DATA TRANSM_SION
Relatively slow speed of +
response.
+
Performance may de-
teriorate with time.
High speed of response is possible.
Performance decrement relatively
small with time.
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DD
+
÷
÷
÷
+
÷
MAN MACHINE
DATA TRANSMISSION
(continued)
Usually recovers with
rest. Failure is usually
gradual rather than
complete.
Wear maintenance and product
quality control is necessary.
Repair of failure may be im-
proved.
Can impart only small
forces and for short
durations; can tolerate
only small imposed
forces.
+ Can impart very large forces
and can withstand very large
forces for long periods of time.
Not especially good at
tracking, but may be
satisfactory where situa-
tion requires frequent
reprogramming. Can
adapt to the situation; is
best at position tracking
with changes under three
radians per second.
+ Good tracking characteristics
may be obtained over a limited
set of requirements.
ECONOMIC PROPERTIES
Relatively inexpensive
for the complexity pro-
vided.
In good supply.
÷
Must be trained and re-
trained.
Light in weight and small
in size for level of func-
tioning achieved.
Nonexpendable. In ex-
ceptionally hazardous
situations, life support
requirements may be
excessive.
÷
÷
Complexity limited by high costs
and time.
Supply limited by cost and time.
Performance is built in.
Equivalent complexity and func-
tioning would generally require
heavier components and enor-
mous power and cooling resources.
Expendable
Unaware of personal existence;
performs without distraction
from problems outside of the
task.
Emotional and interested
in personal survival.
Easy to maintain with a
minimum of "in task"
extras.
Maintenance and redundancy
problems become disproportion-
ately serious as complexity
increases.
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During the course of this study, a literature search was
conducted to determine the maximum and minimum thresholds for
certain physiological parameters. These data were selected to
provide preliminary information to display designers and to attempt
to categorize the nonlinearity and variability that is characteristic
of man. The results of this literature search is presented in Appen-
dix A. An illustrative format for the functional analysis is presented
as Table 9.
3.3.2.4 Function Allocation
The assignment of functions to the human or to the machine
should not be viewed as a competitive process, but rather the
objective is to determine in what manner the capabilities of man
and machine may be best employed in order to maintain specific
system parameters within selected tolerances. As indicated pre-
viously, the man or machine may fit in at various levels of
management and may hold this responsibility only under certain
conditions. The function allocation summary chart should define
the working relationship between man and equipment to a level
adequate for subsequent analyses.
Table 10 presents a more advanced data collection format
for conducting a function analysis. A refinement of the usual
procedure of placing an "X" under the appropriate "Man" or
"Machine" column following function analysis is to place a per-
centage value under the appropriate heading indicating the pro-
portion of responsibility assigned to that function. To illustrate,
if for a given parameter the man decided at every phase of the
mission whether system tolerances are within desired limits,
7O
TABLE 9
FUNCTION ANALYSIS
SUBPHASE --
Surface Reconnaissance Translating Mode
FUNCTIONS SUBFUNCTION
I. Vehicular Locomotion
Management
o Position and Course
COMMAND 1VIODU LE
(MAN)
Moni- Control Compu-
torin_ tation
o Ground Path
o Establish vehicles surface x x
location
o Evaluate position with x x
respect to selected
exploration site
o Establish recommended x x
course
o Maintain course unless x x
pre-empted by high prior-
ity objects of interest
(see below)
o Establish and maintain x x
course
o Maintain vehicular attitude x x
within safe limits
o Maintain planned velocity x x
and acceleration profile
° Take contingency action x x
(avoid obstacles, switch
to redundant modes)
General Functions only
Set-up sensors, checkout
Deploy sensors
Rotate sensors (if required)
Transmit and store data
Monitor periodically (if
required)
Take contingency action
2. o Environmental Data o
Collection
o Homogeneous parameters o
o Atmospheric composRion °
and forces o
o Radiation o
o
Hetrogeneous parameters °
o Density
o Hardness
° Resistivity
Observe general scene
through 360 ° rotation,
wide-angle view
o Select (Gross)
o Change to narrow view;
move zoom lens
° Change field of view, select
area by moving TV camera
o Establish range to target
o Traverse
o Orient target with vehicle's
attitude, heading
° Align vehicle's course with
target
o Move vehicle toward target
(see above)
o Select (fine)- view with
narrow view lens
o Deploy sensors (sample
collector)
o Collect sample (pick up),
recover sample, analyze,
transmit data, stow equipment
(procedures are unique to
sampling operation)
o MagnetivRy
o Roughness
o Boulder size
o Boulder distribution
o Slope angles
o Fissures/fractures
X X
X
X
X
X X
X
REM()TE
VEHICLE
Control Control
(Servo) Automata
X
X
X
X X
X
X X
d
X X
X X X
X
X X X
X X
X X
X X X
X X X
X X X X
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plus or minus a discrepancy, then a value of 100 would be placed
under the "Man" heading. If man and machine share equally in the
selection of appropriate corrective action, then a value of 50 would
be placed under both "Man" and "Machine" headings. Under the
remarks column would be given the conditions under which one or
the other would assume responsibility. If man always decides
when corrective action was effective in implementing control, then
a "10ft' is placed under this column. In general, the remarks
column is used to provide a rationale for the decision based upon
the relative capabilities of man and machine in this area.
The derivation of tolerance data for this type of analysis
is generally not available at this stage of development, but it is not
mandatory that specific values be defined before function assign-
ments can be made. The advanced data collection format is an
approach to the problem which has not been previously employed
and may prove useful in subsequent definition of equipment
requirements.
The analysis that more directly affects hardware require-
ments is the complete system loop analysis.
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3.3.3 Man/Machine Loop Analysis
The man/machine loop analysis is a continuation of the
analytic process which defines the personnel functions and equip-
ment functions for the system. The loop analysis shall specify the
system requirements for the remote man/machine system at the
five interfaces described in Section 3.2.4.1.
The loop analysis considers:
1 Operator information requirements
2 Human engineering display requirements
3 Display physical requirements and display medium
4 Data to be sensed
5 Display visual change
6 C omputations
7 Data transmission requirements
8 Display data conversion requirements
9 Remotely controlled function requirements
10. Remotely controlled system requirements
11 Operator control function
The consideration of these 11 steps provides the design
crtieria for generation of system concepts. To illustrate the
methodology, Tables 11 through 13 are presented. The example
used relates to the task of general observation and locomotion.
The total system requirements for the RMMS is obtained
from a summation of the Tasks A...N, as shown by Figure 11,
Section 3.3, which are necessary to accomplish the mission
objective of "Conducting Detailed Reconnaissance of the Martian
Surface and Its Environment."
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3.3.4 Time-Line Analysis
Figures 12, 13, and 14 in Section 3.3.1 illustrate the effects
of orbital time factors upon scheduling of environmental data collec-
tion functions. Note that at this level, the details of sampling and
specific tasks to be performed by man have not been assessed. How-
ever, following task analysis, the sequence of activities have been
defined to such a level that estimates can be made of approximately
how long it would take to accomplish a given task; e.g., environ-
mental data collection for a given parameter. By comparing task
times required to total time available per orbit, it is possible to
calculate: (a) how much information can be processed on a given
orbit, and (b) how many orbits would be required to collect all of the
environmental data required. This information is very important
for it establishes the feasibility of discovering all of the required
information for a manned landing vehicle within the constraints of a
single 30- to 50-day RMMS mission.
In order to collect realistic time data, it is necessary to
consider the various elements of the man-machine loop: (1) data
acquisition time; (2)transmission time; (3) system time constants;
and (4) data management time, which includes reading and interpreting
the displayed data, conversion of the data, decision-making, control
actuation, and transmission time required to actuate manipulator arms
(if required), etc. As indicated by Figures 12, 13, and 14, many of
the activities will be concurrent; and overlap must be considered in
calculating the total mission time. However, concurrent operations
imply an increased system load and possible additional equipment, such
as additional operator displays, controls, transmission channels, etc.
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4.0 FUTURE WORK
Remotely controlled systems include a very broad
spectrum of systems for space exploration. The selection of
the Martian stream for evaluation is considered timely for
advanced concepts while providing significant inputs to con-
temporary systems.
A series of studies and simulations are recommended
for implementation.
The future work, considered near term, can be divided
into two categories.
A. Stud_ Phase
This includes the determination of system requirements,
generation of system concepts, and the evaluation of these con-
cepts.
B. Simulation Phase
This includes the investigation of variable time-delay
problems to the remote man/machine control system, the
determination of the minimum display and control requirements
for task implementation, and a ground test breadboard of the
system concept for evaluation.
A subsequent phase would include the design, fabrication,
test, and evaluation in earth orbit and/or lunar orbit.
4.1 RECOMMENDED STUDY EFFORT FOR NEXT PHASE
The next logical step in the program is to implement the
requirements methodology developed in this study. This effort
would include the following:
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1. Mission Definition and Refinement -- To update the
mission profile in support of the RMMS program.
2. Time/Distance and Space Mechanics Analysis - To
establish tentative limits with respect to variable time delay.
3. Assess Parametric Implications to Operational
Requirements -- To determine the effects of increased launch
weight, number of modules, and deployment methods upon opera-
tional requirements.
4. Allocation of Functions to Man and Equipment -- To
derive the functions to be performed by the RMMS and to allocate
the functions to man, automatic systems, or manual override.
5. Man/Machine Loop Analysis -- To specify the system
requirements for the remote man/machine system at the five
interfaces.
a.
b.
C.
d.
e.
Man/Machine
C ommand Module/C ommunications
Remote M odule/Communications
Remote Module/Sensor
Remote Module/Remote Environment
6. Task Scheduling and Work Load Derivation -- To
determine the utilization of available task time.
7. System Requirements Delineation and Summary --
To summarize system requirements for the RMMS.
The results of this effort will provide the system require-
ments necessary for the generation of candidate systems for
evaluation.
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4.2 RECOMMENDED SIMULATION EFFORT FOR THE
NEXT PHASE
A. Variable Time Delay Effect on RMMS Concept
Considering the remote man/machine system re-
quirements, it is noted that the combination of activities necessary
for executing a task in most cases include remote visual observa-
tion, locomotion, and manipulation. It is the intent of this effort
to perform somewhat complex tasks more nearly approaching
those anticipated in the RMMS and evaluate the effects of variable
time delay.
The work plan will include:
1. Reviewthe latest contributions to the time-delay
problem.
2. Develop a simulation plan. This plan must care-
fully consider the tasks and events anticipated in the Remote Man/
Machine System. Time delays on the order of zero to two seconds
are to be included as well as provisions for variable delays that
might be encountered by the relationship of an elliptical orbit and
a surface roving vehicle.
3. Construct a simulation model. The envisioned
model would be about 18"x 10"x 10" and would have the capability
to be propelled via a variable speed electric motor and have some
sort of manipulator. A variable delay would be provided in the
control loop to simulate the time delay anticipated in an elliptical
orbit about Mars. Simulations would utilize television loops.
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4. Select test subjects. Test subjects will be
selected and assigned to the program exclusively for assurance
of a controlled experiment.
5. Perform simulated activities. Having developed
a plan and selected the test subjects, the experiment shall be
implemented, being careful to keep in mind the true application of
the data. Based on preliminary results, the simulation plan shall
be reassessed to assure a true simulation of the real situation is
being approached.
6. Reduce and analyze data.
7. Define implications of time and distance to the
Remote Man/Machine SyStem.
The importance of the results of this study is such that
the design criteria for a Mars Capture of Flyby Mission may well
be based on these findings. Therefore, care must be taken in the
generation of data as well as the interpretation of results. The
probability of mission success may well be affected by the quality
of the time-distance considerations.
B. Determine Minimum Visual Information Required for
Locomotion and Manipulation
A TV camera as a remote sensor and a visual display
to provide the input to the man in the loop serves as an extension
of man's eyes into the remote environment. The intent of this
effort is to determine the minimum visual information required to
perform specific mission tasks.
The work plan includes:
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1. Review of the latest contributions in display and
television sensor technology. Considerations of predictor displays
and random noise injection techniques, analog versus digital
systems will be studied, as they apply to the Remote Man/Machine
System.
2. Parametric analysis shall be performed to
select candidate systems for simulation tests.
3. Task selections, test plan development, and
implementation of typical tasks anticipated in the Mars Explora-
tion Mission will be selected. From these selected tasks, a test
plan will be developed and implemented to obtain experimental
data on minimum visual informational requirements.
4. Evaluation criteria will be developed to assess
the relative effectiveness of various displays and sensors.
5. Visual displays and sensors will be evaluated
(extent of this item to be determined).
6. Integrated display requirements will be deter-
mined.
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FOREWORD
This paper has been compiled for designers of display
systems for the RMMS.
Standard metric units have been used, and it is assumed
that the reader is familiar with both engineering and biological
terminology.
These data included charts and tables which have been
selected carefully from the literature. The selection criteria
have included discarding all animal data except for a very few
cases, and these are clearly marked. Only those data verified
and reducible to physical metric units applicable to the sensing
of machine-generated displays were considered for inclusion.
The scarcity of data in this report is indicative of the difficulty
encountered when attempts are made to categorize the non-
linearity and variability that is characteristic of man.
The tables in this report include the maximum ana minimum
thresholds for certain sensory modalities.
The references are by name and date of work, and where
possible the references refer to the original work and not later
work that verify the original.
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GLOSSARY
Scotopic Luminosity Curve
Levels where only the rod receptors (black and white perceptors) are
functioning.
Photopic Luminosity Curve
Levels at which the cone receptors (color perceptors) are definitely
functioning.
Fovea
Area of retina containing mostly cones receptors.
Periphery
Area of retina containing mostly rod receptors.
Lambert
One lumen per sq. cm.
Contrast
B s - B o
C=
Bo
B o = Brightness of surrounds
B s = Brightness of test object
Visual Acuity
The reciprocal of the minimal effective visual angle in terms of minutes
of arc. This notation is used in order to make high numerical values of
acuity reflect high degrees of excellence in visual acuity rather than the
reverse.
Troland
Unit of retinal illuminance equal to that produced by viewing a surface
whose luminance is 1 candle per sq. cm. through an artificial pupil whose area
is 1 sq. millimeter centered on the natural pupil. E (trolands)_A (sq.
millimeter) x B (candles per sq. meter).
S one
Mel
The loudness of a 400-cycle tone, 40 db above threshold.
The pitch of a 1000-cycle tone, 40 db above threshold, is defined as
1000 mels.
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REACTION TIMES
Auditory
Tactual
Visual
Cold
•Warmth
6_dor
Pain
I
i
__J_
__J
.I .Z .3 .4 .5 .6 .7
Reaction Time (in seconds)
0
Simple reaction times for seven sense mQdalities, showing the time advantage
of using sight, sound and touch as opposed to odor or pain. A number of fac-
tors increase the simple reaction time in real situations, for example the
number of signals and choices to be made, as shown below.
.6
o
I I 4 I I I I I
1 2 3 4 5 6 7 8 9 10
Number of Cbolces
Reaction times as a function of the number of choices, i.e. the number of
signals, increases. The curve applies only when {1) each signal and response
are perfectly paired and distinct, {2} there are no variables or distractions
in the situation except the array of signals, and {3) the operator is practiced
and well motivated. (From Ely et al., WADC TR 57-582, after Hick, Q. J.
Exper. Psychol. 4: 11, 1952, and Teichner, Psychol. Bull. 51: 128, 1954.
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The relative spectral sensitivity of the dark-adapted fovea and the peripheral retina. The curves represent
1-degree test objects either fixated or placed 8 degrees above fixation, and exposed for 1 second. (From
Griffin, Hubbard, and Wald, 1947.)
FIGURE 1
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Luminosity curves for scotopic (rod) and photopic(cone) vision. Since the maxima are arbitrarily set at
100, these curves give no information about the relative sensitivity of the rods and cones. The vertical
line indicates the place at which a common red filter cuts off. It transmits 1/10 of the light involved in
the cone curve, and 1/100 of that in the rod curve. (Hecht and Yun Hsia, 1945.)
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A compariso n between thresholds under dark adaptation for a centrally fixated 20-degree field
and for a narrow 1-degree annulus, 20 degrees in diameter. (Hecht, Haig, and Wald, 1935.)
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The relation between test-object area and adaptation level for test objects of threshold contrast
with their background (field). Adaptation level is that produced by the stated intensity level of
the field given on the abscissa. (Blackwell, 1946.)
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Curves showing visual acuity for two different test objects. On this log-log plot each curve appears to be
composed of two segments. The lower segment represents rod function; the upper segment represents cone
function. Below approximately 30 trolands the grating yields better visual acuity values, whereas the C is
superior at higher intensities. At low intensities about ten times more light is necessary for the C than for
the grating. (Shlaer, 1937)
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Influence of the area of the test field on the relation between critical flicker frequency and retinal
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Left. Cff for the sunfish (Lepomis). The two curves are for two procedures: (1) in which the rotation of
the stripes was held constant, and the illumination was varied to obtain the cff (open circles), and (2) in
which illumination was held constant at each of the various levels, and the rotation speed was varied to
obtain the cff. Right. Cff for man. Same type of apparatus used as with lower animals, i.e. a revolving
drum with ahemate black and white stripes. The data shown were taken on a series of successive days,
after considerable practice. Each plotted point is the mean of ten readings. (Crozier, Wolf, and Zerrahn-
Wolf, 1937b.)
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The diameter of the comparison stimulus Sc plotted against the distance of the standard stimulus D s for the
conditions of observation in Holway and Boring's experiment (1941). The inclined dashed line represents
an expectation based on size constancy. The horizontal dashed line represents an expectation based on
the law of the visual angle.
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Determinations of the threshold of audibility and the threshold of feeling. Curves 1 to 6 represent attempts
to determine the absolute threshold of hearing at various frequencies. MAP = minimum audible pressure at
the eardrum; MAF = minimum audible pressure in a free sound field, measured at the place where the
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Three-dimensional surface showing the differential intensity threshold as a function of the frequency and
the intensity of the standard tone. The threshold is represented as the difference in decibels between the
standard intensity and the standard plus the increment. Following the contour lines from 1000 cps and 30
db, we see, by way of illustration, that the intensity of a 1000-cycle tone must be raised 1.0 db froma
level 30 db above threshold before the average observer can detect the change. If we start with levels 60
or 70 db above threshold, we find that an incrementof less than 0.5 db is detectable. (Based on the data
of Riesz, 1928.)
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Pitch as a function of frequency. The upper curve shows that subjective pitch (in mels) increases less
and less rapidly as the stimulus frequency is increased linearly. The lower curve shows that subjective
pitch increases more and more rapidly as stimulus frequency is increased logarithmically. (The musical
scale is a logarithmic scale.) The pitch of a 1000-cycle tone, 40 db above threshold, is defined as 1000
reels. (After Stevens and Volkmann, 1940.)
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The masked threshold for pure tones presentedagainst a backgroundof white noise. The ordinate gives
the sound pressure that the sinusoid must reach to be audible against randomfluctuation noise of the
spectrum level shown as the parameter. (From Hawkins and Stevens, 1950.)
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The differential threshold for intensity as a function of the duration of the added increment. AI/I is the
ratio of the sound-pressureincrement to the standardsoundpressure. Increments that last 0.5 second are
as readily detectable as longer ones, but shorterdurations require greater intensity. The open and the
closed circles distinguish two listeners. (From Garner and Miller, 1944.)
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The duration thresholds for two degrees of 'pitchedness° as functions of frequency. Below 1000 cps, two
or three cycles of the wave must be heard for the soundto have any predominantpitch at all, whereas
above 1000 cps the threshold is not a fixed numberof cycles but a fixed length of time. (From Doughty
and Garner, 1947.)
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PROPERTIES OF THE SKIN
,Approximat.e values of the physical dimensions of whole skin for the "average man" - 154 lb. 5t_ I'
Weight 8.8 lb 4 kg
Surface area 20 ,_q ft 1.8 m 2
Volume 3.7 qt 3.6 1
Water content 70 - 75%
Specific gravity I. 1
Thickness 0.02 - 0.2 in. 0.5 - 5.0 mm
Approximate values fo__rt__he..__rmalpro__0_pertiesof skin:
Pain threshold temperature
Heat production
Conductance
Thermal conductivity (k)
Diffusivity (k/pc)
_Thermal inertia (kDc)
Heat capacity
l13OF (45oc)
240 kcal/day
9 to 30 kcal/m2hr oc
(1.5±0.3) x 10 -3 cal/cm sec °C, at 23 - 25°C ambient
7 x 10 -4 cm2]sec (surface layer 0.26 mm thick}
90 to 400 x 10 -5 cal2]cm 4 sec(°C) 2
•---0.8 cal]gm
Avvroximate optical properties of skin:
Emissivity (infrared)
Reflectance (wave-length dependent)
Transmittance (wave -length dependent)
Solar reflectivity of surface
Very white skin
5 "white" subjects
6 "colored" subjects
Very black skin
Solar penetration - very white skin
Solar penetration - very dark skin
_0.99
Maximum 0.6 to 1. l_¢t
Minima <0.3 and > 1.2.2_
Maxima 1.2, 1.7, 2.2, 6, ll,#_c
Minima 0.5, 1.4, 1.9, 3, 7, 12_
42%
28 - 40%, average 34%
19 - 24%, average 21%
10%
45.5% passes 0.1 mm depth
39.6% " 0.2 " "
32.0% " 0.4 " "
19.0% " 1.0 " "
10.2% " 2.0 " "
75% passes 0.1 mm depth
40% absorbed in the melanin layer
35% passes 0.2 mm depth
(Data Of Stoll, Amer. Soc. Mech. Eng. paper No. 59-A-138, 1959; and Buettner, J. Appl. Physiol. 5:
207, 1952. )
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APPENDIX B
COMPARISON OF COMMUNICATION AND VISIBILITY SCHEDULES OF
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SUMMARY
This appendix presents communication and visibility schedules for
a large combination of Mars-centered co_and module orbits and remote module
landing sites. Two groups of orbits are considered: (1) orbits with peri-
apsis altitudes of 600 n.mi. which complete an integer number of revolutions
per Martian day and (2) synchronous orbits with a period of one Martian day,
i.e., a fixed major axis, but different peri- and apo-apsis altitudes. In
all, (10) orbits and (6) landing sites are evaluated. Results for each combi-
nation of orbit and landing sites are illustrated graphically.
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APPENDIX B
CONPARISON OF COMMUNICATION AND VISIBILITY SCHEDULES OF SEVERAL
REMOTE MODULE IAd_DING SITES ON MARS AS OBSERVED FROM A FAMILY
OF CIRCUIAR AND ECCENTRIC CO_9_aND MODULE SATELLITE ORBITS
B. 1.0 INTRODUCTION
Selection of a command module orbit about Mars and establishment of
a remote module landing site on the surface of Mars entails a trade-off be-
tween retro velocity requirements to establish the command module capture
orbit and communication system weight requirements. Highly eccentric, high
energy command module orbits generally provide several long periods of
continuous communication time, while low altitude circular orbits result in
many short-time communication periods. The total cumulative communication
time between the command module and the remote module depends on the particular
orbit and remote module landing site. Characteristically, establishment of
highly eccentric command module orbits requires small retro velocity increments
and the attendant propellant savings can be converted into additional payload
for the command module. Communication distances for the highly eccentric orbits
become extremely large near the apo-apsis of the orbit, however, and communica-
tion system weights increase accordingly. On the other hand, retro velocity
requirements to place the command module into a circular capture orbit are
generally higher than those for eccentric orbits, but the communication dis-
tances are smaller. Thus, it can be seen a trade-off between capture orbit
characteristics and communication system requirements is essential. Another
aspect to be considered in the selection of the remote module landing site is
the illumination of the landing site when the command module is above the
local horizon of the landing site, i.e., a communication link exists between
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the conm_nd and remote modules. If the landing site is illuminated the
remote module can, by use of a TV camera, scan the area and relay the picture_
directly to the command module.
This appendix is intended to provide communication and illumination
information to facilitate the above mentioned parametric trade-off study. The
objective of this appendix_therefore, is to explore various combinations of
remote module landing sites and command module orbits, consistent with typical
transmartian trajectory constraints, to ascertain communication and visibility
schedules.
In the sections to follow, the analysis of the communication problem
is presented and parametric communication distance data and visibility schedules
are illustrated graphically.
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B.2.0 ANALYSIS
To determine communication and visibility schedules for the various
combinations of command module orbits and remote module landing sites, a
typical transmartian trajectory for a favorable earth-orbit departure mission
is selected as a reference trajectory to provide realistic arrival conditions
at the peri-apsis of the martian approach hyperbola. Retro velocity require-
ments to reduce the hyperbolic approach velocity to the peri-apsis velocity
of the desired comm_und module orbits are then derived. The transmartian
design trajectory and retro velocity requirements are defined below. Selection
of the various command module orbits and location of the remote module landing
sites are also described in the following sections, as are the ephemeris calcula-
tions and associated communication and visibility information.
B.2.1 MISSION DESCRIPTION
The over-all mission can be categorized into five distinct phases:
(i) Earth departure, (2) transmartian trajectory, (3) approach hyperbola,
(4) Mars orbit of command module and (5) de-orbit and landing of remote module
on Mars. The first three phases are considered only insofar as they provide
the approach asymptote of Mars and the time of arrival. A typical reference
mission, obtained from Reference B.1, provided the required arrival velocity,
coordinates, and time. The arrival data at the peri-apsis of the approach
hyperbola is 4 November 1975 (Julian Date = 2442720.5) which is considered
timely for the purposes of the present study. The orbital elements of the
approach hyperbola at peri-apsis are:
Peri-apsis Altitude, _V
Peri-apsis Velocity, V_ v
Eccentricity,
= 600 n.mi.
= 21279.72 fps
= 3.430485
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Longitude of Ascending node, _V
Inclination to Mar's Equator, _
Argument of Peri-apsis, -_v
= 254. 222 o
= 0.550°
= 196.345 °
The longitude of the ascending node (right ascension) is measured east from
the vernal equinox of Mars. The above elements are derived and calculated in
Appendix C.
Upon arrival at peri-apsis, the retro maneuver is initiated to place
the command module into a Mars-centered, elliptic or circular orbit. Figure
B-1 illustrates the peri-apsis velocity of the command module after completion
of the retro maneuver as a function of apo-apsis radius. Corresponding orbital
periods are also shown. The required retro velocity increments to reduce the
hyperbolic approach velocity to the peri-apsis velocity of the command module's
orbit can also be obtained from Figure B-l, as indicated. Separation and de-
orbit of the remote module is pre-determined for each selected landing site
location. De-orbit may be accomplished by a single Hohmann transfer maneuver
or by first placing the remote module into a circular parking orbit and then
ejecting from the parking orbit at the proper time to affect impact at the
preselected landing site. Meanwhile, the command module maintains contact
with the remote module when the command module is above the local horizon of
the remote module landing site.
B. 2.2 COMMAND MODULE SATELLITE ORBITS
Two groups of Mars-centered command module orbits were analyzed.
The first group consists of orbits with a common peri-apsis altitude of 600
n.mi. and variable apo-apsis altitude. The second group is characterized by
synchronous orbits, i.e., orbits with a period of one Martian day. For these
orbits_ the major axis remains constant but peri-apsis and apo-apsis vary.
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In the first group, five orbits, four eccentric and one 600 n.mi. circular
orbit, were examined. The eccentric orbits were selected such that they
complete an integer number of revolutions per Martian day, i.e., their periods
are even divisors of the Martian day. The characteristics of orbits of the
first group are given in the following table:
_'_-_,/ _'4'
1/2
l/3
1/4
1/6
•1041
where _
P@
6oo
n.mi.
9612
6321
4471
24OO
6OO
12979.8
12542.9
12139.8
i1389.6
i0109.8
.648360
.539257
.441949
.2692O6
0
= Period of Command Module's Orbit
= Period of Mars Rotation (24 h 37m 23 s)
= Peri-Apsis Altitude
_ = Apo-Apsis Altitude
_a_ = Peri-Apsis Velocity of Command Module after Retro
Maneuver
= Eccentricity of Mars-centered Orbit
By electing periods of the eccentric orbits which are integer fractions of the
Martian day, the ground tracks of the orbits are such that the nodal change
per revolution is an integer part of 360 ° and the ground tracks essentially
superimpose after each day. Secular effects due to oblateness are practically
negligible at these altitudes, as are atmospheric effects. Thus, ephemerides
for each orbit need to be determined for only one day and the results may be
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assumed to recur each day for the duration of the 50 day capture period.
Four eccentric and one circular orbit were also evaluated in the
second group. The orbital characteristics of this group are given below:
Pe_ / P@
1.000 9199
7156
5156
3156
2106
9199
11241
13241
15241
16291
fps
4756
5735
6982
8791
10230
0
.184997
.366109
.547221
.6550oo
For the circular orbit, the ground track consists of a singular
subsatellite point since the command module has no relative motion with
respect to Mars. As the synchronous orbits become eccentric, the sub-
satellite point traces out a ground track which resembles a figure eight.
The last orbit shown in the above table was chosen for analysis because the
elevation of the command module (measured from the horizontal established by
the subsatellite point at peri-apsis) oscillates from horizon to horizon,
but never falls below the horizon. (See Figure B-35).
The effects of the two moons of _ams, Phobus and Deimos, with
mean distances from Mars of 5100 and 12700 nautical miles, were not con-
sidered in the selection of the above command module orbits.
B.2.3 REMOTE MODULE IANDING SITE LOCATIONS
Six remote module landing sites were evaluated in conjunction with
the various comm_nd module orbits. The locations of these sites are graphi-
cally illustrated in Figure B-2. The sites are all situated on the Martian
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LOCATION 0FREMOTE MODULE lANDING SITES
COMMAND MODULE'S
SATELLITE ORBIT OF ASCENDING NODE, _I,v
ZERO MERIDIAN
oR M RS,ko
VERNAL EQUINOX
OF MARS, _Y'O_
PERI-APSIS OF COMMAND MODULE'S ORBIT, II_/
o JULIAN DATE AT
INJECTION ,= 2442720.5
SITE
1
2
3
4
5
6
w. LONGITUDE
3oi.548
i. 548
61.548
121.548
].8]_.548
241.548
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equator because of temperature considerations. Also, green areas near the
equator of Mars may reflect vegetation in this vicinity thus making this
area attractive for exploration.
Longitudes of the various sites are tabulated in Figure B-2. Note
that longitudes on _rs are measured west from the zero meridian, as shown
in Figure B.3. (At the Julian date of injection, the right ascension of the
zero meridian of Mars,_A o , is 219.568 degrees, measured eastwards.) The
longitudes of the landing site locations were picked to provide parametric
data on communication distance and visibility on Mars.
The geometry of the communication and visibility problem is illustra-
ted in Figure B-4. Thus, when the elevation of the command module is positive,
i.e., the command module is above the local horizon of the landing site,
radar contact between the remote module and command module is possible,
provided the radar range is sufficient. Similarly, when the elevation of
the Sun is positive, the landing site is illuminated. If both the elevation
of the command module and that of the sun is positive, visual and/or radar
contact between the command module and remote l,_dule is feasible and television
pictures, taken by the remote module, may be directly transmitted to the
command module.
B.2.4 COMPUTATION OF EPHEMERIDES
Command module ephemerides were calculated on a LTV-developed
satellite ephemeris routine (Ref. B.2). This computer program uses the method
of perturbation of orbital elements. Only those non-inverse-square accelera-
tions which cause disturbances to the two-body reference orbit are considered.
These include accelerations which arise from the second harmonic of the
planet's gravity potential and from the atmosphere. The resulting changes
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FIGURE P-3 DEFINITION OF MARTIAN LONGITUDE_
LATITUDE_ AND DIRECTION OF ROTATION
NORTH POLE
MARS' ROTATION
DIRECTION
ZERO MERIDIAN
C+)
lATITUDE
MARS
MARS EQUATOR
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FIGURE B-4 COMMUNICATION AND ILLUMINATION GEOMETRY
SUN
COMMAND
MODULE
LOCAL HORIZONTAL
•REMOI'E MODULE
lANDING SITE
MARS SURFACE-
6C_
6%
SLANT RANGEFROMREMOTE MODULE TO COMMAND MODULE
ELEVATION OF COMMAND MODULE
ELEVATION OF SUN
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in the orbital elements are integrated with an interval size of one orbital
revolution. To obtain illumination of the planet, the solar ephemeris elements
relative to the planet are loaded into the program. Actual values of the
solar ephemeris elements relative to Mars and the Julian date at which the
zero meridian of Mars crosses the Martian vernal equinox are required inputs
to the program and are derived in Appendix C.
Program output consists of epoch conditions, nodal conditions and
tabular data defining the ground track, slant range (communication distance)
from a tracking station (landing site)_ satellite elevation, and illumination
of the landing site.
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B.3•0 PARAMETRIC RESULTS
Communication distance information and visibility schedules for
the orbits defined in Section B.2.2 and the landing sites selected in Section
B.2.3 are presented in Figures B-5 through B-34. Data for the orbits of the
first group are shown in Figures B-5 through B-29, while results for the
second group are depicted in Figures B-BO through B-34. Data for the
synchronous orbits are only presented for Site #4 because the command module
always remains above the horizon. Shown in the figures are the slant range
and elevation of the command module as well as the elevation of the Sun in
terms of time past epoch. Results are shown only for a period of one Martian
day since the data approximately repeat daily. Because Mars moves about the
Sun at a rate of about 1/2 degree per day, the elevation of the Sun, shown in
Figures B-5 through B-34, regresses about 2 minutes per day so that after the
50 day capture period the elevation curves will have shifted about 1.7 hours
to the right. Results shown in Figures B-5 through B-29 indicate extended
periods of communication up to l0 hours duration may be achieved for the
highly eccentric orbits, while for the circular orbits communication time
is reduced to less than one hour, however, there are up to nine periods of
observation available per day. For the synchronized orbits of the second
group, the command module can communicate with the remote module for the
entire 50 day capture period. Furthermore, the remote module landing site is
illuminated for over 12 hours per day. The minimum elevation angle for
synchronous orbits is shown in Figure B-35 in terms of eccentricity of the
orbit. Corresponding peri- and apo-apsis altitudes are also indicated. Note
that for the circular synchronous orbit the command module remains directly
B-16
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overhead the injection point.
In summary, the synchronous orbits provide continuous communication
with the remote module for the entire 50 day capture period provided the
communication system has sufficient range. Also, the remote module, when
landed at Site #4, is illuminated by the sun for 1/2 Martian day each day.
Retro velocity requirements for the orbits of the first group are smaller,
however, thus allowing more weight for increasing the range of the
communication system.
B-48
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The right ascension of the Earth relative to the
Martian planetocentric coordinate system.
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Eccentricity of the Martian spheroid squared.
Eccentricity of the Sun's orbit about Mars.
Eccentricity of Mars' orbit about the Sun.
Flattening of Mars.
Universal gravitational constant.
Acceleration due to gravity on the surface of Mars.
A unit vector pointing in the direction of the
Earth' s vernal equinox.
Inclination of the command module's Martian orbit
measured from the Martian equator.
Incllnation of the Sun's orbit about Mars measured
from the Martian equator.
Inclination of Mars' orbit about the Sun measured
from the Earth' s equator.
A unit vector lying in the Earth's equatorial plane
and perpendicular to the Earth's vernal equinox
direction.
The specific angular momentum of the command module's
approach hyperbola about Mars.
Julian date.
Julian date at the time that the command module
achieves its Martian orbit.
Julian date of perihelion passage of Mars in its
orbit about the Sun or of the Sun in its orbit about
Mars.
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NOMENCLATURE (CONTINUED)
Julian date of passage of the Martian zero meridian
across the Martian vernal equinox.
Coefficient of the second gravitational harmonic of
Mars.
Julian date at the time of departure from the Earth's
sphere of influence.
Julian date at the time of arrival at the Martian sphere
of influence.
A unit vector pointing in the north pole direction of
the Earth.
Gravity-mass constant for Mars.
Position of the Sun - measured in the plane of the
Sun's orbit about Mars, in the direction of the Sun's
motion, from the Martian vernal equinox.
Mass of Mars.
North pole of the Earth.
North pole of Mars.
Semilatus rectum of the conmma_d module's approach
hyperbola about Mars.
The point of closest approach of a trajectory to a
planet.
The point of closest approach of a planet to the
Sun.
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NOMENCLATURE (CONTINUED)
planetocentric
coordinates
planetographic
coord inat e s
right ascension
transmart ian
A planet-centered coordinate system where the x
axis points in the direction of the planet's vernal
equinox, the z axis points in the direction of the
planet's north pole and the y axis lies in the planet's
equatorial plane.
A coordinate system fixed on the surface of a
planet.
The semilatus rectum of the Sun's orbit about Mars.
The semilatus rectum of Mars' orbit about the Sun.
Celestial longitude measured positive in the direction
of a planet's motion about the Sun and measured from
the planet's vernal equinox direction in a planetocentric
coordinate system.
Peri-apsis radius of the command module's approach
hyperbola about Mars.
Radius of the Martian sphere of influence.
Radius of Mars.
Motion from the vicinity of the Earth to the vicinity of
Mars.
Period of the Sun's orbit about Mars.
Period of Mars' orbit about the Sun.
A unit vector pointing in the direction of the vernal
equinox direction of Mars (the x axis direction of the
Martian planetocentric coordinate system).
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NC_CLA¢_ (CONTINUED)
A unit vector pointing in the y axis direction of the
Martian planetocentric coordinate system.
A unit vector which points in the negative direction
of the command module's hyperbolic excess velocity
direction.
A unit vector which points in the direction of the north
pole of Mars (the z axis direction of the Martian
planetocentric coordinate system).
A unit vector lying in the plane of Mars' orbit about
the Sun and perpendicular to the Martian vernal equinox
direction.
A unit vector pointing in the Mars-to-Sun direction.
A unit vector lying in the plane of the Sun's orbit
about Mars and perpendicular to the Mars-to-Sun line.
A unit vector pointing in the Sun-to-Mars-perihelion
direction.
A unit vector normal to the plane of Mars' orbit about
/
the Sun.
Peri-apsis velocity of the command module's approach
hyperbola about Mars.
The hyperbolic excess velocity vector of the comm_nd
module's approach hyperbola about Mars.
The zero longitude meridian of the Martian planetographic
coordinate system.
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GREEK SYMBOLS
O(o
£X!
O(2
C_ 3
P
/3.M
_Z
6
ECM
_s
NOMENCLATURE (CONTINUED)
The Martian right ascension of the Martian zero
meridian.
The right ascension of the Martian north pole
measured relative to the Earth's planetocentric
coordinate system.
Longitude of the U E vector measured from the Mars-
to-Sun line, in the plane of the Suns orbit about
Mars, and positive in the direction of the Sun's
motion.
The Martian right ascension of the UE vector.
Martian planetographic latitude (positive north).
Martian planetographic latitude of the remote module.
The declination of the Martian north pole measured
relative to the Earth's planetocentric coordinate
system.
Latitude of the 0 E vector measured from the Sun's
orbit about Mars.
The Martian declination of the U E vector.
The angle between the 0 E vector and the R S vector
(see Figure C-15).
Elevation of the command module above the local horizon
of the remote module.
Elevation of the Sun above the local horizon of the
remote module.
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The negative of the true anomaly of the command
module's approach hyperbola at the Martian sphere of
influence.
The true anomaly of the Sun in its orbit about Mars
at the time of the Martian sphere of influence
crossing.
Martian planetographic longitude (positive west).
Martian planetographic longitude of the remote module.
Martian planetographic longitude of the central
meridian.
Argument of the periapsis point of the command module's
approach hyperbola about Mars.
Argument of perihelion of the Sun's orbit about Mars
measured in the Martian planetocentric coordinate
system.
Argument of perihelion of Mars' orbit about the Sun
measured in the Earth's planetocentric coordinate system.
Argument of perihelion of Mars' orbit about the Sun
measured in the _rtian planetocentric coordinate system.
Slant range from the remote module to the command
module.
Time in tropical years since the start of the Besselian
year of 1950.
The rotational rate of Mars on its axis.
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NOMENCLATURE (CONTINUED)
SLtn.
Earth.
Mars.
The Earth's vernal equinox direction.
The Martian vernal equinox direction.
The ascending node of the command module's Martian
orbit (on the Martian equator).
The descending node of the command module's Martian
orbit (on the Martian equator).
The ascending node of Mars' orbit relative to the Sun
(on the Earth's equator).
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APPEI'_IX C
DERIVATION OF A TECHNIQUE TO SIMULATE
COMMAND MODULE'S POSITION RELATIVE TO REMOTE MODULE
C. i INTRODUCTION
Appendix B of this report presents data on the communication and
illumination problems associated with remote control of a remote module (on
the surface of Mars) from a command module in orbit about Mars. Figure C-i
illustrates the problem. In this figure the planet Mars, the Sun, the command
module, and the remote module are shown. The elevation _CM of the command
module above the remote module's horizon, the elevation _S of the Sun above
the horizon, and the slant range p_M of the comm_nd module are important
parameters in determining the feasibility of remote control of the remote module.
The data of Appendix B were calculated through the use of an IBM 7090 digital
computer satellite ephemeris routine previously developed at LTV. Since this
routine was originally developed to compute ephemerides of satellites in Earth
orbits, several changes in gravitational and periodic constants and in coordinate
systems were made to accommodate the problem at hand, namely, the generation of
ephemeris data for objects in Martian orbits as seen from the Martian surface.
It is the purpose of this Appendix to detail the derivation of the appropriate
constants for this problem. Consideration is also given to the problem of
establishing the orbital elements of a typical Martian orbit of the command
module. Such a determination is made for an actual transmartian trajectory.
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FIGURE C-l: COMMUNICATIOI_ AND ILLUMI_{ATION GEOMETRY
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C.2 DATA REQUIRED FOR SATELLITE EPHEMERIS ROUTINE
The satellite ephemeris routine used to calculate the ephemerides
of the command module and the illumination of tl_ remote module's landing site
as a function of the location of this site on the Martian surface (shown in
Appendix B) is described in reference 1. To obtain these data it was necessary
to simulate the orbit of the command module and the orbit of the Sun relative
to Mars in the computer routine. Figures C-2 and C-3 illustrate some of the
geometrical variables that define the orbit of the Sun and the command module
relative to a Mars centered coordinate system consisting of the Martian
equator, the vernal equinox of Mars, and the Martian north polar axis.
Figure C-4 illustrates how the location of the remote module on the surface
of Mars is specified.
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FIGURE C-2: INPUT DATA REQUIRED FOR ORBIT OF SUN
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FIGURE C-3 : INPUT DATA REQUIRED FOR ORBIT OF COMMAND
MODULE
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FIGURE C-4: INPUT DATA REQUIRED FOR LOCATING REMOTE MODULE
ON THE SURFACE OF MARS
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C.] THE ORBIT OF THE SUN REIATIVE TO MARS
The elements of the orbit of the Sun relative to the Mars centered
coordinate system of Figure C-2 were found by the following steps :
(I) The location of the Martian polar axis relative to the Earth's
equator is given on l_age 521 of reference 2.
(2) The orbit of Mars relative to the Sun and the Earth's equator
is given in Table I of reference 3.
(3) The Martian vernal equinox direction, _ , is detel_mined
when the ascendin_ node of the Martian orbit on the Martian
eq_ator is found.
(4) The orbit of Mars relative to the Sun, the Martia/l equator,
and the Martian vernal equinox is then determined.
(5) Finally, the coordinate system is shifted from the Sun to
Mars and the _rtian orbit about the Sun becomes the Sun's
orbit about M_rs.
Page 521 of The American Ephemeris and Nautical Alm_nac (reference
2) gives the following relations for the right ascension, O_! ; and
declination, _| , of the north pole of Mars (See Figure C-5):
_| = 21 h ii m i0.42 s + 1.565 s
_! = 54 ° 39' 27"+ 12.60"_
WHERE: _ = time in tropical years since the start of the
Besselian year of 1950
_ J.D. - 2433282.5365.2422
For the epoch 25.59531 May 1960 (JD = 2437081.09531)_ O_! = 317.861 °,
= 54.694 °. In Figure C-6 the longitude of ascending node, _O A ,
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FIGURE C-5: LOCATION OF THE NORTH POLE OF MARS
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FIGURE C-6: SPATIAL ORIENTATION OF THE MARTIAN ORBIT RELATIVE
TO THE EARTH'S EQUATOR
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inclination L OA , and argument of perihelion, ;I(_, of the _rtian orbit
relative to the Sun and the Earth's equator and vernal equinox are shown.
These three variables define the spatial orientation of the Martian orbit.
Table I of reference 3 gives the following values for these variables:
EPOCH = 23 SEPTFJ4BER 1960, J.D. = 2437200.5
b_J_N EARTH'S EQUATOR AND _AN EARTH'S VERNAL EQUINOX OF 1950
AO_ = .058500499 radians
[Cy_ = .4310002 radians
_Crr = 5.7966845 radinas
_11,= 2437081.09531 days (Julian date of perihelion passage)
The Martian vernal equinox direction is detez_nined from the pre-
ceding data as follows:
Referring to Figure C-7 a unit vector, U N , pointing in the direc-
tion of the _artian north pole is given by:
UM,x= cos _j cos o<j
UN_= cos oc, sLn o(,
UN:_= sLn $,
W_: (. is a unit vector pointing in the Earth's vernal
equinox direction, _(_.
is a uni_, vector pointing in the Earth's north
polar direction, N (_ .
-T
j is a unit vector perpendicular to T and
and lying in the Earth's equatorial plane.
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FIGUREC-7: DETERMINATIONFTHEMARTIAi_VERNALEQUINOX
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A unit vector,
o
Uo , perpendicular to the orbit of Mars is given by:
: + +
Uo,_= sLn Lo- sLn Ao,'
Uo_t =- s Ln i.o,, cos Ao-
Uo_ = cos LO"
The ascending node of the Martian orbit on the Martian equator defines the
Martian vernal equinox direction, _OXV. A unit vector, UA , pointing in
this direction is found by the cross product:
AI
_ZH
A_
/_, = UN_Uo_
A_= U,_ Uo,x
#I_= U_ Uo_j
- U_:_Uo_I
- U._Uo:_
- U._lUo,x
The determination of the orbit of Mars relative to the Sun, the
equator, and the Martian vernal equinox follows: A unit vector, O_l, ,Martian
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in the direction of Mars' perihelion (See Figure C-7) is given by:
_ - U_-,,T + U_-__ + U_-_'_
U_-,,---cos tr,,.cosA_, -
U_r_j= cos iF,,.s/.nA_, +
U_= s _n TF_ sLn io_
sLn Tro.cos L_ sLn_o_
sZn 1To_cos L_cosAo_
A unit vector, U R , lying in the plane of the Martian orbit and perpendicular
to U_ am Oo (soastofo_mthesecondooordi_tedirectionof_ ri@t
hand coordinate system) is given by the cross product:
U_,,= Uo_ UA,_ - Uo_ U_}
U_ = Uo_UA,x- Uo._UA_
U,g = Uo,xU_._ - Uo_ U,_,x
The vector, U¢ I. , pointing in the direction of Mars' perihelion may now
_o._on_otorm_o .o_t voo_o_s,UA ,U,,_ Uo _o_o_ows:
: +(u.,,..O,)o,+ (&-.O,,)O,,
From this relation the argument of perihelion, tr_o.r ! , measured in the plane
of the Martian orbit (See Figure C-8) from the Martian vernal equinox to the
perihelion point is given by:
sLn 1T_ = "O_r"UR = U'.',x U_,x + U_'tlU_tl + U_U,_
cos "rr_ = 0_" O_ = U_,,U,_,_+ O_l O,,,_+ u,_ uA_
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FIGURE C-8:
SPATIAL ORIENTATION OF THE MARTIAN ORBIT RELATIVE TO MARS'
EQUATOR
P
MARS ORBIT
No"
FIGURE C-9:
q
SPATIAL ORIENTATION OF THE SUN'S ORBIT RELATIVE TO MARS'
EQUATOR
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I The inclination [_) , of the _rtian orbit to the N_rtian equator
(See Figure C-8) is equal to the angle between the Uo and the U N vectors
and is given by:
cos /-e= Uo_xU._ + Uo_U,_ + Uo_UM_
IF COS Lo>O j
_F COai. 0= Oj
IF COS L_)< O_
L 0 IS IN QUADRANT I
re= 9o°
0 Is i.QuaiNT ii
Thus far the spatial orientation elements, L_) and _ of the
Martian orbit relative to the Martian equator and Martian vernal equinox have
been deter_nined. These elements are shown in Figure C-8. It will be noted
in this figure that the Martian vernal equinox direction, _O4, is defined
as the direction of the Mars-to-Sun-line at the time of the Martian vernal
equinox. Also, the angle _C_I , defines the position of Mars in its orbit
at the time of perihelion.
In Figure C-9 the origin of coordinates l_as been shifted from the
Sun to Mars. Thus, the Martian orbit of Figure C--8 becomes the Sun's orbit
relative to Mars in Figure C-9. Additionally, in Figure C-9, the Sun is at
the Martian vernal equinox position, _(yw at the time of the Martian vernal
equinox. The Sun is at the position defined by the angle _(_) (180 ° beyond
the Mars perihelion position) at the time of perihelion passage. The angle
_(_) is given by:
cos -- + +
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The angle, L_) , between the Sun's orbit and the Martian equator has been
determined above.
The remaining elements of the Sun's orbit about Mars are identical
to the elements of Mars' orbit about the Sun and are given in Section C.6.1.
C -25
DD
C .4 LOCATION OF PLANETOGRAPHIC COORDINATE SYSTEM RELATIVE TO
PLANETOCENTRIC COORDINATE SYSTEM
Thus far the Sun's orbit has been defined with respect to the
planetocentric (Mars centered) coordinate system consisting of the Martian
equator and the Martian vernal equinox. Since it is desired to locate points
on the Martian surface (planetographic coordinate system) relative to the
planetocentric coordinate system, the relationship between the two coordinate
systems must be found. Page 521 of reference 2 defines the sidereal rotational
period of Mars to be 24 h 37m 22.6689 s. Referring to Figure C-4 it will be
seen that once a date of passage of the Martian zero longitude meridian across
the Martian vernal equinox direction is found (i.e., a date when (_o = 0°),
then the location, O(o , of the zero longitude meridian may be ascertained
for any other date.
The data of the table beginning on page 328 of reference 2
(ephemeris for physical observations of Mars) may be used to obtain the desired
date of passage of the zero longitude meridian across the Martian vernal
equinox. On page 329 of reference 2 the planetographic longitude of the
central meridian is given for daily time increments. Referring to Figure
C-lO, it will be noted that the central meridian is that meridian of
longitude on the Martian surface which passes through the center of the
disc, as seen from the Earth, at a given instant. The planetographic
longitude of the central meridian is the angle _o measured from the zero
meridian on the Martian surface.
Figure C-11 defines the variables given on page 328 of reference 2.
The instantaneous planetocentric position of the Earth is defined by the
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_-- CENTRAL _RIDIAN
DEFINITION OF MARTIAN CENTRAL MERIDIAN
FIGURE C-II:
OF MARS
DEFINITION OF VARIABLES LISTED IN EPHEMERIS OF PHYSICAL
OBSERVATIONS OF MARS
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right ascension, R E , (measured in the Martian equatorial plane, in the
direction of Martian rotation, from the Martian vernal equinox) and the
declination, _E , (from the _rtian equator) of the Mars-to-Earth line.
The point at which the Mars-to-Earth line pierces the Martian surface is
the center of the Martian disc as seen from the Earth. Thus, the angle A_
defines the inertial (planetocentric) location of the central meridian.
Since the planetographic position of the central meridian relative to the
Martian zero meridian is given by _o, the planetoeentrie position of the
zero meridian may be found from the formula:
_o= _+ _o
Having thus found the Martian right ascension of the zero meridian for a given
date, the date of passage of the zero meridian across the Martian vernal
equinox may be found from the relation:
WHERE :
3Do/,i., -- 3"D_. + (36°°-°_°)CMo,"
,.TDO/To_ =
3"Di. =
/.,UoI =
The Julian Date of passage of the Martian zero
meridian across the Martian vernal equinox
The Julian Date for which the _E & _O data
were given
The rotational rate of Mars
350.891962 degrees/day (reference 2, page 521)
The satellite ephemeris routine used to calculate the data presented in
Appendix B takes to quantities IOo/To. and _3_ as inputs and computes
the right ascension, O( o , of the zero meridian for any subsequent Julian
C -28
date from the relationship:
Figure C-4 defines the planetographic coordinate system by which
points on the Martian surface are located. Planetographic longitude, _ ,
is measured westward from the zero meridian and planetographic latitude,
is positive north from the Martian equator.
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C.5 ORBITAL ELE_,_}_rS OF T}F£ CO_.$_D MODULE'S _#ARTIAN ORBIT
Referring to Figure C-I it will be noted that the variables PC_,
_6M , and E S (the slant range from the remote module to the command module,
the elevation of the cormrmnd module above the remote module's horizon, and
the elevation of the Sun above the remote module's horizon, respectively) may
be computed only after the Sun's orbit relative to Mars, the location of
the remote module on the _rtian surface, and the command module's Martian
orbit have been defined. Section C.3 defined the orbit of the Sun relative
to the planetocentric coordinate system and Section C.4 defined the relation
between the planetocentric and planetographic coordinate system. This section
describes how the elements of the command module's Martian orbit were deter-
mined from data on an actual, typical transmartian trajectory. Appendix B
describes the choice of actual remote module landing sites on the surface of
Mars.
Section 4 of Final Report, Advanced Orbital Launch Operations,
Volume VII, Space Mechanics (reference 4) contains a detailed description of
a twenty day Earth departure window for a 1975 manned Mars capture mission.
(The transmartian trajectories for this mission were originally selected by
General Dynamics Astronautics Division during the course of their "Early
Manned Interplanetary Missions," study.) A transmartian trajectory from this
particular manned Mars mission was chosen as a basis for establishing a
Martian orbit for the command module because of the availability of the
required trajectory data. Referring to Figure C-14, it will be seen that
any specific transmartian trajectory arrives in the vicinity of Mars with a
definite approach direction as defined by V_ , the hyperbolic approach
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asymptote. The importance of this fact is that the angle that the approach
asymptote makes with the Martian equator, _ , is equal to the minimum
possible inclination of the command module's orbit to the Martian equator.
For the particular transmartian trajectory used in this study, the inclina-
tion of the resulting Martian orbit of the command module was 0.55 °. A
study of how this minimum inclination varies from one transmartian trajectory
to another is beyond the scope of the present effort.
The interplanetary trajectory routine used to compute the transmartian
trajectory employed in this analysis was developed by the authors of reference
5 and is described briefly therein. A more detailed description is given in
reference 6. Departure from the Earth's sphere of influence occurs on
Julian date 2442482.0 (10.5 March 1975). Arrival at the Martian sphere of
influence occurs on Julian date 2442720.0 (3.5 November 1975).
The trajectory routine utilized supplies longitude, O( z , and
latitude, _Z , of the hyperbolic approach asymptote relative to the Sun's
orbital plane about Mars and the Mars-to-Sun line, as shown in Figure C-12.
In the particular case at handjthe routine defined for the selected trajectory
the following characteristics :
o_z = 13.275 °
z = 6.912 °
V_ = 2.9946377 statute miles/second
Orbital elements of the command module's Martian orbit are obtained from
these data by the following procedure. In Figure C-12 a unit vector D£
which points in the negative direction of the hyperbolic approach asymptote
_) is shown. This vector has the components:
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FIGURE C-12: HYPERBOLIC APPROACH ASYMPTOTE COORDINATES
/
FIGURE C-13: LOCATION OF MARS-TO-SUN VECTOR RELATIVE TO PLANETOCENTRIC
COORDINATE SYSTEM
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O_ = u_..O,+ u_ O_ + U_,O.
UE,, = cos _z cos o(z
UE2,..= cos Sz .sLn o_z.
UE33= sLn Ez
T_
where US , UT, and Uo are orthogonal unit vectors forming a right hand
coordinate system.
It is now desired to express U E in terms of the planetocentric
coordinate system mentioned in Section C.3 and C.4. To accomplish this
_ _ _coordinate transformation it is necessary to express U S , UT, and 0 in
terms of the unit vectors U_, UB, and UN shown in Figure C-13. (First
it will be necessary to write U B in terms of the unit vectors, _ , _ , and-k
discussed in Section C.3).
O, : u., T + uB. _ + u,,.,_ = O, ×O,,
Ue.. = U._jU_ - U._U4.S
Us. = U... U,.._- Uw_U,._
OS may now be expressed in terms of 0. , O, , and ON as follows:
Os = U,, O, + Us,..g8 + U,_ U,,,
u,, =
U,_= sLn (_o +%) cos-_o
,L,,,(% Lo
C-33
(The value of _) used in the expression for U_ above was given by the
transmartian trajectory run as 85.56 ° and was checked by consulting
reference 7-)
0 is found through the use of the relation:
Oo = (Oo.0_)0_+(Oo.U@O_+I_o.O,)U,
0 -"
I! "
ZZ =
U_ =
The cross product of Uo and DS
Uo,xO_ + Uo_U_:_+ Uo_U_
dos /-0
yields UT :
UTz= U33 Us, - U,, Us_
U=3= U,, Us_ - U_ Us,
Using the expressions developed above for D._., 01- , _ud DO in
terms of OA , OB , and ON ; vector DE becomes:
+ u,=[u..O,+ u_ o_+ u.,O.]
+ u_..Eu.,o,+u._o_+ 0..0.]
C-34
DB
I
W_N_:
OF_ =
UEI =
U_2 =
UE3 =
U_,O, + U_,_08 + UE30.
Ue,, Us, + UE:,_U-,-,+ UE33U,
Ue,, Us,. + U_ U,-=+ U_}3 U_.
U_,, Us, + UE_zUT3 + UE3_U3_
is now expressed in terms of the unit vectors of the
planetocentric coordinate system. Figure C-14 shows how the spatial
orientation of the eomm_nd module's orbit is determined from U E . The
direction of 0 E
sin o(3 =
6o5 _ =
is given by its right ascension, O< 3 , and declination,
UEz
_/u_+ uA'
sLn _ = U%
IF: Ua_> o ; _5
TF: Ue_= 0 ; _;3
IF: Ue3<O ; %s
IS IN QUADRANT I
= 0 °
IS IN QUADRANT IV
As discussed in Appendix A of reference 4, there are many different approach
hyperbolas (of different inclinations and longitudes of ascending nodes) that
are defined by UE" For this particular problem it was desired to keep
inclination, [ V , as low as possible, so the minimum value of [ V was
used:
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FIGURE C-15: IN-PLANE DETAILS OF CO_,ezANDMODULE'S ORBIT
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ot3ov= _z, 4- Z7o
II
The remaining elements of the approach hyperbola are given by the
following expressions and are depicted in Figure C 15 (it should be noted
that the angle _ is so small it was set equal to zero):
V_ERE :
Try = 9o°+ _s
cos = -I
IF
IF
IF
(Actually qS
COSts>O;
CO5 I'/_;= 0 ;
COS Y/S< 0 ;
S IS IN QUADRANT I
S = 9o°
@S IS IN QUADRANT II
is in either quadrants Ill or IV but the above definition
provides the correct value for_r v ).
Y= RpVt_
Rp R s
e _l + zPE_ i z= E = 7V:Ko,,,
Ko._
The variables A V , L v , and _V define the spatial orienta-
tion of both the approach hyperbola and the command module's Martian orbit.
The other orbital elements apply only to the approach hyperbola. For a
definition of the corresponding elements of the command module's orbit see
Appendix B.
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C .6 SUMMARY OF INPUT DATA AI_D SOURCES
This section lists the n_nericai values of the various satellite
ephemeris routine input quantities calculated from the equations of the pre-
vious sections. Also listed are the constants and factors used to obtain
the final data. All final data (used by the ephemeris routine) are denoted
by underlining. It will be observed that no special attempt was made to get
a completely consistent set of data or to obtain extreme accuracy.
C.6.1 ORBIT OF THE SUN RELATIVE TO MARS
From reference 3, page 85, the elements of the Martian orbit rela-
tive to the Earth's equator and the Earth's vernal equinox are:
EPOCH = 23 SEPTEMBER 1960, J.D. = 2437200.5
MEAN EARTH'S EQUATOR AND _AN EARTH'S VERNAL EQUINOX OF 1950
_= .058500499 radians
= longitude of ascending node - see Figure C-6
_(y_ = .4310002 radians
= inclination - see Figure C-6
_ = 5.7966845 radians
= argument of perihelion - see Figure C-6
Other elements of the Martian orbit listed in reference 3 that apply without
change to the Sun's orbit about Mars are:
e_= e® = .o93369
= eccentricity of the Martian orbit
= eccentricity of the Sun's orbit
1.5104078 A.U.
= semilatus rectum of the Martian orbit
= semilatus rectum of the Sun's orbit
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_D_ = 2437081.09531 days
= Julian date of perihelion passage
o.= JCo =  6.97964days
= period of Martian orbit
= period of Sun's orbit
Using the variables _Ox, L O N, and _Ow given above and the equations of
Section C.3jthe remaining elements of the Sun's orbit relative to Mars are
_O = .42089 radians
= inclination of the Sun's orbit to the Martian equator
- see Figure C-9
_) = 4.309497 radians
-- argument of perihelion - see Figure C-9
Other data used in computing _ _) and 1_(_ include:
EPOCH = 25.59531 May 1960, J.D. = 2437081.09531
O( I = 317.861 degrees
= right ascension of Martian north pole relative to Earth's
equator and Earth's vernal equinox - see Figure C-5
I = 54.694 degrees
= declination of Martian north pole relative to Earth's
equator and Earth's vernal equinox - see Figure C-5
C.6.2 RELATION BETWEEN PLANETOGRAPHIC AND PLANETOCENTRIC COORDINATES
The relationship between the Martian planetographic and planetocentric
coordinate systems is defined when a date of passage of the Martian zero
meridian across the Martian vernal equinox is found. From pages 328 and 329
of reference 2:
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found to be:
EPOCtI: 4 April 1960
341.76 degrees
= longitude of central meridian - see Figure C-IO
= 240.76 degrees
= right ascension of Earth - see Figure C-ll
From these data and the equations of Section C.4:
O( O = 222.52 degrees
= right ascension of zero meridian - see Figure C-11
= 2437028.5
= Julian date of epoch 4 April 1960
_O_= 350.891962 degrees/day = 7.0881911 x 10-5 radians/second
= rotational rate of Mars
 Dol o 2437o28.8918o51
= Julian date of passage of the Martian zero meridian
across the Martian vernal equinox
An interesting check on the data and concepts listed above is
afforded by additional information given on page 329 of reference 2. For
4 April 1960 the time of transit of the zero meridian across the central
meridian is listed as 1 hour and 15 minutes past midnight. From Figure C-11
it may be seen that the zero meridian must rotate through an angle of:
_-- d O = 18.24 degrees
to get to the center of the Martian disc as seen from the Earth. Applying the
rotational rate of Mars on its axis, it would take the zero meridian
18.24 = .051982102 day or i hour 14.86 minutes
350.891962
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to reach the Center of the Martian disc - which checks with the I hour 15
minutes noted.
C.6.3 MARTIANPLANETARYCONSTANTS
The constants which define the shape and gravitational potential of
Mars are :
Ko-:C, = 1.5177467 x 1015 feet3/second2 = 4.297780
x 104 kilometers3/seconds 2
= gravity-mass constant for Mars
(Reference 8, page ii)
Yzo"= .oo2oll
= coefficient of second gravitational harmonic of Mars
(Reference 9)
R O_ = 11204068 feet = 3415 kilometers
= radius of Mars (Reference 9)
11150
= flattening of Mars (Reference 9)
= eccentricity of the spheroid squared
C .6.4 SPATIAL ORIENTATION OF COMMAND MODULE'S ORBIT
The spatial oreintation parameters of the command module's Martian
orbit ( AV, LV and _V - shown in Figures C-14 and C-15) were calculated
from the following transmartian trajectory as explained in Section C.5:
2442482.0 (10.5 March 1975)
Julian date of departure from the Earth's sphere of
influence
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_D_s= 2442720.0 (3.5 November1975)
= Julian date of arrival at the _rtian sphere of influence
O(Z = 13.275 degrees
= longitude of U E vector - see Figure C-12
_Z = 6.912 degrees
= latitude of U E vector - see Figure C-12
V_ = 2.9946377 statute miles/second
= hyperbolic excess approach velocity relative to Mars
6) = 85.56 degrees
= true anomaly of Sun at time of Martian sphere of influence
crossing - see Figure C-13
From the above data the coordinates of the OE vector relative to the
planetocentric coordinate system were found to be:
0( 5 = 344.222 degrees
= right ascension of
_ = 0.550 degrees
= declination of 0g
DE vector - see Figure C-14
vector - see Figure C-14
From the above data and the equations of Section C.5 were calculated:
p _.
106.345 degrees
negative of the true anomaly of the Martian sphere of
influence crossing point - see Figure C-15
.657915438 x 108 feet
semilatus rectum of approach hyperbola
•315998257 x 1012 feet2/second
angular momentum of approach hyperbola
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eE o
Rp:
= 21279.72 feet/second
= peri-apsis velocity of approach hyperbola
= 3.430485
eccentricity of approach hyperbola
.124206245 x lO 9 feet2/second 2
energy of approach hyperbola
14849737.55 feet = 2443.95248 n.mi.
peri-apsis radius of approach hyperbola
1.90080 x lO9 feet = 360,000 statute miles
= Martian sphere of influence radius (Reference 6)
Using the above data and the equations of Section C.5 the spatial orientation
parameters of the command module's Martian orbit become:
Lv:
254.222 degrees
longitude of ascending node - see Figure C-14
0.550 degrees
inclination to the Martian equator - see Figure C-14
196.345 degrees
argument of peri-apsis - see Figure C-15
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